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INTRODUCTION 
An electrofluid reactor is a particular kind of fluidized bed 
reactor in which heat for a chemical or physical process is supplied 
by passing an electric current between electrodes placed in contact 
with a fluidized bed of conducting particles. In passing through such 
a system, the electric current encounters three resistance effects, 
with the system acting as a resistance heater. Two of these resistances 
are associated with the electrical resistivity of the interface regions 
between the electrodes and the fluidized bed, and the third resistance 
effect is due to the electrical resistivity of the fluidized bed. The 
mechanism of current flow through a system of this kind is not well 
understood. That such a system can function as a reliable source of 
process heat has been demonstrated on both the laboratory and commercial 
scale, with units operating for sustained periods of time at temperatures 
as high as 5000°F (20, 61). 
The electrofluid reactor is well suited to highly endothermic 
processes which must be carried out at high temperatures. Since the 
heat required to operate a process is liberated directly in the reaction 
zone, heat transfer surfaces are unnecessary, and the rate of heating 
can be made to exceed the maximum rates available through conventional 
heat transfer equipment. Uniform processing temperatures, which are a 
characteristic of well-fluidized beds, can be attained, and through 
choice of construction materials, a wide variety of process environments 
can be contained. 
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The notion of supplying heat to a process by this method is not 
new. In 1927, Wickenden and Okell (75) obtained a patent for the manu­
facture of decolorizing carbon from calcined vegetable carbon in an 
electrically heated fluidized bed reactor in which the carbon particles 
were fluidized with a mixture of steam and carbon dioxide. In this 
particular case, the flow of electric current was from the top to the 
bottom of the reactor, with the gas distributor at the bottom serving 
as one of the electrodes. A few years later, in 1932, Winkler (76) 
obtained a patent for the manufacture of water gas in an electrically 
heated fluidized bed reactor. In Winkler's patent, the electrodes are 
shown as entering from the sides of the reactor. Neither of these 
inventions were used in commercial production. 
In the 1950's, Johnson (36) constructed and operated bench scale 
electrofluid reactors, and began to adapt a family of chemical processes 
to the electrofluid reactor. From this work, a commercial process for 
the manufacture of hydrogen cyanide from methane and ammonia was 
developed. Later, the process was developed further so that the hydro­
carbon part of the feed gas could be propane or other hydrocarbon vapors. 
Two commercial reactors were built (10, 36, 63), one in Canada by 
Shawinigan Chemicals Limited, and the other in South Africa, by the South 
African Explosives Company. The reactor built by Shawinigan Chemicals 
Limited was operated with a single phase of alternating current electric 
power. The reactor built by South African Explosives Company was 
operated with three phase alternating current electric power. 
The present natural gas and petroleum shortages have stimulated 
active research and development programs aimed at obtaining substitutes 
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for natural gas and petroleum products from coal (18, 32, 34, 35, 54). 
Fluidized bed reactors are used in many of the coal gasification proc­
esses currently under development. The Hygas process, which is being 
developed by the Institute of Gas Technology, is of particular interest 
because the process equipment train contains an electrofluid reactor 
in which coal char produced in the hydrogasification step is reacted 
with steam to produce the feed gas for the hydrogasification step. 
The purpose of this investigation was to develop design information 
for the electrofluid reactor as it is applied in the steam gasification 
of coal char. At present it is not possible to design such a reactor 
from first principles. There are several areas of ignorance, particularly 
in the modeling of the electrical system and in the reaction kinetics 
of the steam-char gasification. 
For design purposes, an electrofluid reactor for the steam gasifica­
tion of coal char can be modeled by five coupled relationships. The 
first of these is a relationship between inverse space velocity, and the 
feed steam conversion x^, kinetic constants k^^, adsorption equilibrium 
constants K^, total pressure P^, average particle size d^, gas velocity 
u, gas density p , solid density p , gas viscosity and temperature, 
g s g 
W/F = f(Xg, k^, K^. P^, dp, u, Pg, Pg, (1) 
The inverse space velocity W/F can be thought of as the time required 
to process one reactor volume of feed gas, and is expressed here as 
the ratio of W, the lb. moles of carbon in the reactor to the feed 
steam rate F, expressed as lb. moles steam per hour. There is no simple 
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specific form of the functional relationship relating inverse space 
velocity to the reaction kinetic and fluidization variables. 
There are two models which would serve as starting points; these 
arc the 'bubbling bed model of Kunii and Levenspiel (46) and the 
'bubble assemblage model" of Kato and Wen (40). The application of 
these models is necessarily numerical requiring the use of an electronic 
computer, and would be complicated by the requirement that the increase 
in gas velocity due to chemical reaction be accounted for. 
The second relationship expresses the fraction of carbon in a 
size range of particles converted to gaseous products as a function 
of the average particle residence time t, the time required to com­
pletely consume the carbon in a particle T, and the average particle 
size d , 
P 
X g  =  f ( t ,  T ,  d p )  (2) 
A simple form of this functional relationship is given by Levenspiel (50) 
which assumes that only the exterior surface of the particle is attacked 
by the reactant gas. Since coal char particles are porous, and of ir­
regular shape, other methods of modeling the carbon consumption in the 
particles would be required. Wen (73) proposed modeling the char 
particles as agglomerates with the members of the agglomerates having 
an efrective particle diameter which is not related to the actual 
parliclc size. lliese models were later extended to include thermal and 
diffusion cffccts by Wen and Wang (75). Another method for accounting 
for the porosity of particles of reacting solids was proposed by 
Hashimoto and Silveston (29) who developed a model accounting for the 
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initiation and growth of pores in the particles; the pores are con­
sidered to grow into a population distribution in which pore diffusion 
effects change the apparent reaction rate. The limit at which the 
pores 'die' is the pore size where diffusion effects are negligible. 
Very little work has been reported in which results calculated from 
these models are compared with experimental data. 
The third relationship would express the total power required to 
operate a reactor as the sum of the heats of reaction and the 
heat losses from the system, 
= EI = + losses (3) 
'Hie fourth relationship would express the total interelectrode 
resistance to the physical properties of the electrodes and coal char, 
the fluidization variables, and the physical dimensions of the system, 
= f(electrode surface resistivity, char volume (4) 
resistivity, fluidization variables, 
physical dimensions) 
Equations (3) and (4) would be used to size the power supply which 
would be used to operate the reactor. 
Tlie fifth relationship would fix the mass of coal char which 
could be contained in the fully expanded fluidized bed, expressed as 
^b 
(expansion factor) 
Where V is the volume of the static bed of unfluidized coal char, V, 
s b 
is the volume provided for the fluidized bed, and the expansion factor 
is the ratio of the fluidized bed depth to the static bed depth of the 
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system under consideration. Specific forms for these five relationships 
are for the most part not completely known. 
In the investigation described here, an electrofluid reactor for 
the steam gasification of coal char was built and operated to further 
explore the behavior of total interelectrode resistance and the kinetics 
of the steam gasification of coal char. Available data were used in 
preliminary calculation studies; the product gas compositions obtained 
in the steam gasification of coal char were modeled as a function of 
steam conversion using a calculation method developed by Pulsifer and 
Wheelock (60), extending the calculation method to a computer solution 
to reduce the labor involved in making the large number of trial-and-
error calculations required for the study of each temperature and 
pressure of interest. The product gas compositions calculated from 
the model were then compared with published experimental data. 
A second calculation study was made in which published data for 
the kinetics of the carbon-steam reactions (37, 52, 69) were fitted 
with relatively simple plug flow reactor models to obtain estimates of 
the kinetic constants. At atmospheric pressure and high temperatures, 
the effect of the adsorption equilibrium constants seemed small, and 
the use of a simple rate expression, 
was studied. Tn this expression the reaction rate r is expressed as 
the product of the forward surface reaction rate constant k^ and p^^ g, 
I lie partial pressure of water vapor in the gas stream. Further studies 
were made using the data of Jolley and Poll (37) in a simple single 
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rate constant plug flow reactor model to compare the reactivity of coal 
chars with the ash content of the coal chars. 
In a preliminary calculation study of interelectrode resistance, 
analytical expressions for interelectrode resistance neglecting contact 
resistance were obtained from the solutions of Laplaces' equation for 
electrode configurations of interest where such solutions were possible. 
The expressions obtained were then arranged into dimensionless groups 
which were used to construct the forms for correlations for estimating 
the interelectrode resistance of electrode configurations which could 
not be described by a simple analytical expression. The exponents 
of the dimensionless groups of these correlations were evaluated using 
data obtained from tank analogs of electrode configurations of interest. 
The tank analogs consisted of cylindrical tanks of weakly conducting 
electrolyte into which various sizes of copper pipe were immersed. 
Electrical measurements were made using a conductivity bridge to 
measure total interelectrode resistance; additional measurements of 
current flow and voltage drop were made using both a single phase power 
supply and a three phase power supply. The tank analogs were 
selected because of their regular electrical behavior and the ease 
with which the physical dimensions of the system could be varied. In 
using I he correlations obtained, contact resistance was calculated 
as I lie quotient of surface resistivity and contact area; surface 
resistivity was assumed to be a constant. The total interelectrode 
resistance was then estimated by calculating the sum of the contact 
resistances and the resistance through the conducting medium obtained 
from the correlations. 
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Further studies of total interelectrode resistance vere made 
using numerical solutions of Laplaces' equation for a simple square 
grid in which the surface resistivities and the volume resistivity 
of the system were fixed as constants. The particular reason for 
making this study was to determine if distortion of the electric field 
obtained by making the conducting surfaces irregular would result in 
a nonlinear relationship between applied voltage and current flow. 
The validity of the simple additive model for total interelectrode 
resistance was then examined in the light of the findings of this 
study. 
The 12 in. I.D. reactor used in previous work (3) was modified by 
enlarging the disentrainment section above the chamber containing the 
fluidized bed of coal char. The electrode arrangement was also changed 
so that three electrodes could be immersed in the fluidized bed from 
the top of the reactor. These electrodes were electrically isolated 
from each other, and could be used by ganging them to a single phase 
phases of a three phase power supply. The reactor was then operated, 
testing electrode materials and operating parameters of interest. The 
steam conversion data obtained in the reactor operations were then 
compared to the expected values of steam conversion calculated from 
plus riow reactor models based on the data of May e^ (52). 
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LITERATURE REVIEW 
The Electrofluid Reactor 
The first commercially successful electrofluid reactor was built 
by Shawinigan Chemicals Limited of Canada for the production of hydrogen 
cy.nnide from a feed stock of ammonia and methane. Johnson (36) pub­
lished a description of this process in 1961, and also described 
other related processes that had been contemplated or investigated. 
Besides a process for making hydrogen cyanide, these included processes 
for the manufacture of titanium tetrachloride, silicon tetrachloride, 
aluminum trichloride, synthesis gas obtained by reacting steam with 
coke, the production of carbon disulfide from hydrogen sulfide or 
sulfur vapor and coke, the production of metal sulfides from metal 
oxides and hydrogen sulfide, and the pyrolysis of acetic acid and 
acetone to obtain ketene. 
Two other descriptions of this reactor have appeared in the 
literature; one in 1968 by De Graaf (10) and another in 1971 by 
Shine (63), both of which give some of the 'know how' involved in 
the sustained operation of an electrofluid reactor. Shine described 
the control system of the reactor and its dependency on the particle 
size of the coke in the fluidized bed. Over a period of time, the 
coke parciclcs tended to grow in size, and it vas necessary to remove 
coke from the fluidized bed and screen it to remove oversized particles. 
The screened coke was then returned to the reactor together with make­
up coke to maintain the mass of the fluidized bed at an operating 
level. De Graaf described the slow increase of total interelectrode 
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resistance over sustained periods of operating time, and also the 
deposition of soot on the reactor walls which would sometimes cause 
short circuits to develop through the soot coating between the electrodes. 
When this occurred, a small amount of steam was introduced into the 
feed gas. When this was done, the soot deposits were consumed, and 
the total interelectrode resistance would return to the initial 
operating values. 
Because of the soot deposits, Johnson (36) favored electrodes 
inserted into the fluidized bed from above, and recommended that 
side entering electrodes be avoided. At high power input levels, 
arcing in the reactor was observed to take place which made control 
of the power input difficult. A similar observation was made by 
Ballain (2) who studied the conditions under which this phenomena 
occurred. 
The gasification of coal char with steam in electrofluid reactors 
has been investigated over the last several years both at Iowa State 
university (3, 43) and at the Institute of Gas Technology (41, 42, 43). 
The reactors at Iowa State University have been operated over a tempera­
ture range of from 1500°F to 200005* at atmospheric pressure. The 
reactor at the Institute of Gas Technology has been operated over a 
similar temperature range, but at pressures ranging from atmospheric 
pressure to slightly over 1000 psig. 
In addition to these operations. Paquet and Foulkes (57) carried 
out a successful pilot operation in which a calcined coke suitable 
for the manufacture of electrodes and other carbon bodies was pre­
pared by heating a petroleum fluid coke in an electrofluid reactor 
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in which the fluidized bed was maintained at a temperature of 1200°C. 
This reactor, which had a throughput capacity of 1-1/2 tons per hour 
of coke feed could be taken from a cold start-up to the controlled 
operating temperature of 1200^0 in about two hours. Tae bed was 
fluidized with nitrogen, which was recirculated; in the process, the 
coke was stripped of hydrogen and surface carbon oxides, which ap­
peared in the gas stream as hydrogen and carbon monoxide. 
The electrofluid reactor has been shown to be a versatile pro­
cessing tool capable of being operated over a wide range of temperatures 
and processing conditions. Goldberger e_t al. (20) reported that they 
were able to achieve a controlled fluidized bed temperature of 5000°? 
for sustained periods of time, and that a maximum temperature of 
8000°F appeared possible. Kalinowski e^ al. (39) do not appear to 
have extended their investigations as far as Goldberger e^ a^., but 
reported that operating temperatures of 2500°F were possible. 
Borodulya et (5) achieved operating temperatures of 2500°C at 
which they made extensive studies of total interelectrode resistance. 
Variables Affecting Electrical Properties 
A number of investigations of the electrical behavior of fluidized 
beds of conducting solids have appeared in the literature. Some of 
these, such as the investigations of Johnson (36), Paquet and Foulkes 
(57) and Goldberger et (20) were primarily qualitative reports 
establishing the technical feasibility of the electrofluid reactor. 
Other investigations, such as those of Jones (38), Goldschmidt and 
12 
LeGoff (21), and Reed and Goldberger (61) were exploratory, having as 
their objective the identification of the principal variables which 
affected interelectrode resistance. More recent investigations, such 
as those of Smith (65) and Knowlton (44), explored in a quantitative 
way the effects of some of the variables on the components of inter­
electrode resistance in electrofluid reactors. 
Reed and Goldberger (61) considered the total interelectrode 
resistance in the heating circuit of an electrofluid reactor to be 
comprised of two 'contact resistances' associated with the interfaces 
between the electrodes and the fluidized bed, and a resistance due to 
tlie resistivity of the fluidized bed. Not all investigators, however, 
have made this distinction, but measured only total interelectrode 
resistance. 
Among all investigators (2, 5, 19, 20, 21, 25, 26, 38, 39, 41, 
42, 44, 48, 63, 65), however, the principal variables affecting 
electrical resistance have been identified as temperature, superficial 
gas velocity, average particle size, current density, bed diameter 
and depth, and electrode position material and size. The nature of 
the particles was also found to be important, with investigators re­
porting irreversible changes in resistance upon heating for some 
carbonaceous materials. Only a few investigations of contact resistance 
have been reported, those of Reed and Goldberger (61), Glidden and 
Pulsifer (19), and Knowlton (44). Very little is known about the 
variables that affect contact resistance. 
A phenomena similar to arcing can sometimes occur at high current 
densities, as described by Ballain (2) and Johnson (36). On the 
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microscopic scale, phenomena associated with intense heating of inter-
particle contacts have been observed (5. 25, 26^ as well as locaHrrd 
effects due to momentary fluctuations in the voidage of the emulsion 
phase of the fluidized solids. 
Mechanism of current flow 
Ideally, fluidized beds can be considered to consist of two phases 
(46, 49, 66), a bubble phase in which the bubbles are analogous to 
bubbles in a liquid, and an emulsion phase which forms the continuous 
phase surrounding the bubbles. The emulsion phase is considered to 
be a more or less idealized state in which the particles are held 
at their terminal velocities by the moving gas, with each particle 
being completely enveloped by the gas phase. Goldschmidt and 
LeGoff (21) investigated three possible mechanisms for current flow 
through the emulsion phase: Current flow by charge diffusion, current 
flow along conducting chains of touching particles, and current flow 
by arcing discharge. In their investigation, they concluded that the 
principal mechanism of current flow was along chains of touching 
particles which were continually formed and broken in the movement of 
the fluidized bed. Goodridge, Holden, Murray and Plimley (22) in­
vestigated current flow through a bed of glass beads fluidized by a 
liquid electrolyte; their work shows that current flow by charge 
diLfusion could become significant only when the particles are main­
tained in a highly particulate state of fluidization, and when the 
dielectric constant of the fluidizing media is great enough to prevent 
arcing. 
14 
Nature of the particles 
Hayakawa, Graham and Osberg (31) observed that a coke which they 
were using to study mixing in fluidized beds exhibited a high electrical 
resistivity in the as received condition, but upon heating in an inert 
atmosphere for two hours at 900°C, the electrical resistivity was 
observed to decrease irreversibly. Paquet and Foulkes observed a 
similar phenomena; tlie electrical resistivity of the unprocessed, or 
'green' coke was observed to decrease irreversibly upon being heated 
in their coke calciner. Hayakawa e^ al. attributed this irreversible 
decrease to the removal of solid surface oxides of carbon by desorption 
of carbon monoxide. Paquet and Foulkes found that the gases desorbed 
from the 'green' coke consisted of hydrogen and carbon monoxide. 
Interparticle contacts 
Grisdale (27) studied interparticle contact phenomena in micro­
phone carbon, and found that the actual contact area between touching 
particles was small, and was formed by the edges of carbon crystals 
projecting from the carbon surface. Under the stresses developed in 
a microphone, the contact points were found to deform elastically. 
He also found that the electrical resistance of a particle was small 
in comparison to the 'contact' resistances between the particles, 
and that these contact resistances made up the bulk of the measurable 
resistance of a chain of touching, conducting particles. 
When the voltage drop across an interparticle contact in air 
exceeded a 'burning' voltage, the interparticle contact resistance 
was observed to increase irreversibly; this effect was not observed 
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in an inert atmosphere. Borodulya e^ (5) made a theoretical 
analysis of current flow through an interparticle contact, obtaining 
an expression for the temperature of the contact points in terms of 
contact time, current density, contact area, particle resistivity, 
and for contact times of 0.005 seconds at a current density of 
2 0.01 amps/cm , the authors estimated that the contact points could 
be heated to temperatures in the vicinity of 4000°K. 
Arcing 
Farrall (14) presented a discussion of the onset of arcing between 
fixed electrodes in terms of Pashen's law, which states that the 
breakdown voltage at which arcing will occur is a function of the 
product of the distance between the electrodes and the prevailing 
pressure. The shapes of the curves which would be obtained by plotting 
the logarithm of the breakdown voltage against the logarithm of the 
product of distance and pressure for hydrogen and air are shown in 
Figure 1 as solid lines. These curves show that as pressure is de­
creased while holding the gap between the electrodes constant, the 
breakdown voltage will steadily decrease until a minimum is reached. 
A further reduction in pressure reduces the number of gas molecules 
per unit volume below a critical value so that an increase in potential 
difference between the electrodes is required to produce the electron 
avalanche which forms the path of the arc. Thus, to the left of the 
minimum, for relatively large gaps, the breakdown voltage will increase 
as shown. When the gap length is very small, on the order of 0.0001 cm 
or less, electron emission from the electrodes takes place, with the 
Figure 1. Variation of breakdown voltage with pressure-distance 
product, as shown by Farrall (14). 
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breakdown voltages following the dashed line as the gap length is 
decreased rather than the solid line. For metals, emission can take 
place when the value of the local voltage gradient is on the order of 
7 2.0 X 10 volts/cm. In the presence of emission promoters, such as 
carbonaceous deposits on copper or silver, arcing can be established 
at voltages much less than would be expected from Pashen's law. 
Gas velocity 
When a flow of gas which is uniformly distributed over the cross-
sectional area of a fixed bed of small particles is increased from a 
very low value, the bed will expand as the particles become supported 
by the gas stream. When the force exerted by the gas stream on the 
bed of particles becomes equal to the mass of particles in the bed, 
the particles will move freely in a condition which is called incipient 
fluidization; the gas velocity at which this occurs is called the 
minimum fluidization velocity (46, 49). Gas velocities greater than 
the minimum fluidization velocity are often given as multiples of 
minimum fluidization velocity which are referred to as 'fluidization 
velocity,' or sometimes as 'relative velocity.' 
Jones (38) and others (5, 21, 25, 26, 44, 48, 61, 65) observed the 
electrical resistance of a fluidized bed of conducting particles to 
change with gas velocity. Jones observed the volume resistivity of 
fluidized coke particles to increase as the gas velocity was increased 
from zero to the minimum fluidization velocity. At gas velocities near 
tlio minimum fluidization velocity, the volume resistivity was observed 
to KO through a maximiim, after which the volume resistivity decreased 
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with increase in gas velocity, passed through a minimum, and then 
increased with further increase in gas velocity. The shapes of the 
curves obtained by Jones showing the variation of volume resistivity 
with gas velocity are shown in Figure 2. Data were obtained for 
several particle size distributions having different average sizes, 
and for two column diameters. As the average particle size was in­
creased, the curves were displaced to the right, as shown in Figure 2. 
The maximum in volume resistivity at gas velocities near the 
minimum fluidization velocity was attributed to the particles being 
held at maximum spacing; with further increases in gas velocity, 
the emulsion phase was thought to become more dense as bubbling 
became more pronounced. With further increase in gas velocity, the 
volume fraction occupied by bubbles increased, the average volume 
resistivity appeared to increase as this occurred. 
Borodulya e^ al. (5) made a similar study, but did not observe the 
resistance to go through a maximum near the minimum fluidization 
velocity. The authors attributed this to hydrodynamic differences in 
the equipment used. Reed and Goldberger (61) also made a similar study, 
but did not observe the resistivity to go through the maximum observed 
by Jones. They used several particle sizes in their investigation, 
and found that the volume resistivity of the particles correlated with 
relative gas velocity, and obtained a curve having the shape shown 
in Figure 3. 
Graham and Harvey (26) measured the local resistivity of a 
fluidized bed of coke by means of probes, and found the local resistivity 
to vary considerably, with the resistivity of the bed near the gas 
Figure 2. Variation of resistivity with gas velocity as shown by 
Jones (38). 
* 
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distributor to be considerably higher than the rest of the bed. This 
was attributed to the bed being in a more expanded state near the gas 
distributor. 
Temperature 
The effect of temperature on both total interelectrode resistance 
and volume resistivity has been reported by a number of investigators 
(2, 5, 20, 25, 26, 41, 42, 48, 61, 65), with the total resistance or 
the volume resistivity being found to decrease with increase in 
temperature. Reed and Goldberger (61) measured the effect of tempera­
ture on bed resistivity at constant fluidization velocity, and found 
the resistivity to decrease with temperature with resistivity becoming 
constant at temperatures above 700°C. For + 100-150 mesh graphite, the 
bed resistivity at 700°C or higher was reported to be on the order of 
300 ohm-cm. Smith (65) measured the volume resistivity of fluidized 
coal char over a temperature range of from room temperature to 1500OF, 
and round the volume resistivity to decrease with température. At 
room temperature the volume resistivity was found to be on the order 
of 1500 ohm-in., and at 1500°F the volume resistivity was found to be 
on the order of 30 ohm-in. or less. Lee ^  a]^. (48) reported a bed 
resistivity of 300 ohm-cm for coal char fluidized at high pressures. 
Smith used the four-point probe method in making his measurements so 
that his estimates of volume resistivity do not include the effects of 
contact resistance. Lee et al. (48), Borodulya et al. (5) and Reed 
and Goldberger (61) do not appear to have used this technique, so that 
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tlio estimates o£ resistivity by these authors include the effects of 
contract resistance. 
Current density 
There have been several investigations of the electrical properties 
of fluidized coke, coal char and graphite (2, 5, 26, 27, 44, 48, 61) 
in which the effect of current density was studied; in general, the total 
interelectrode resistance was found to decrease with current density. 
Borodulya e^ al. (5) found total interelectrode resistance to decrease 
with current density at room temperature, but also found that the 
total interelectrode resistance was independent of current density 
at a temperature of 2500°C. Knowlton (44) and Graham and Harvey (25) 
also found the total interelectrode resistance decreased with an in­
crease in current density. Lee et al. (48) investigated the effect 
of current density on bed resistivity at temperatures ranging from 
1350°F to 1725°F and pressures ranging from atmospheric pressure to 
1040 psig. The authors were able to correlate bed resistivity with 
current density at constant gas velocities, and obtained curves having 
the shape shown in Figure 4. 
Johnson (36) and Ballain (2) observed that as current density was 
increased, the total interelectrode resistance exhibited a 'nonohmic' 
behavior which was similar to arcing. As the voltage between the 
electrodes was increased, a critical value was reached at which a step 
increase in current flow would persist until the voltage was reduced 
to below a second critical value, when the current flow would decrease 
Figure 4. Variation of bed resistivity with current density, after 
Lee et al. (48). 
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to a level consistent with the former value, more or less in the 
manner of an arc being extinguished. 
Particle size, bed depth and bed diameter 
The investigations in which the effect of average particle size 
was studied (5, 26, 38, 61) all show that, in general, total inter-
electrode resistance increases with decrease in particle size. This 
is not unreasonable since the electrical resistance of a chain of 
touching particles is influenced by the sum of the interparticle 
contact resistances, and increasing the number of interparticle contacts 
would be expected to increase the electrical resistance. Jones (38) 
found the volume resistivity of fluidized coke to increase with de­
crease in particle size, but from the shape of the curves obtained from 
Jones' data, shown in Figure 2, it can be seen that the effect of 
particle size can be masked by the effect of gas velocity. It is 
possible, through choice of gas velocity and particle size, to obtain 
operating conditions where a small particle size will exhibit a lower 
volume resistivity than a large particle size. 
Jones (38) and Knowlton (44) investigated the effect of column 
diameter on bed resistivity. Jones used 2 in. and 4 in. diameter 
columns in his work, and Knowlton used 4 in. and 6 in. diameter columns; 
both of these authors found that volume resistivity decreased with 
increase in bed diameter. Borodulya e^ al. (5) used columns ranging 
from 50 mm to 250 mm in diameter, and found that at intermediate 
velocities, total Interelectrode resistance decreased uniformly 
wLt.Ii increase in bed diameter. At high gas velocities, they found 
that total interelectrode resistance increased, passed through a maximum, 
and then decreased with increase in bed diameter. Borodulya e^ al. 
also investigated the effect of bed depth on total interelectrode 
resistance, and found the resistance to decrease with increase in bed 
depth; this was attributed to densification of the emulsion phase 
caused by the higher hydraulic head on the deeper beds. 
Contact Resistance 
Only three investigations of contact resistance have appeared in 
the literature; these are those of Reed and Goldberger (61), Glidden 
and Pulsifer (19) and Knowlton (44). Reed and Goldberger investigated 
the contact resistance between fluidized graphite and copper, comparing 
a newly sanded copper electrode with a tarnished copper electrode. 
The contact resistance of the tarnished electrode was found to be 
higher than the contact resistance of the newly sanded electrode; 
contact resistance was also observed to decrease with increase in 
current density. 
Glidden and Pulsifer (19) investigated the contact resistance 
between fluidized calcined coke and graphite electrodes; in their 
investigation, the contact resistance was modeled as 
Pc 
\ = r 
where is the contact resistance, is the surface resistivity, and 
A is the surface area of the electrode exposed to the fluidized bed. 
The authors found the surface resistivity to vary through a range of 
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from 0 to 5.0 ohm/in. , with the contact resistance making up approxi­
mately 17c, of the total voltage drop through the cell. Knowlton (44) 
measured the contact resistivity of a variety of electrode materials 
in contact with calcined coke at room temperature; these were tungsten, 
steel, brass, and carbon. The author found the contact resistivity of 
the metal electrodes was higher than the contact resistivity of the 
carbon electrode, with the contact resistance of the metal electrodes 
being of the same order of magnitude as the resistance of the fluidized 
bed. 
Modeling the Interelectrode Resistance 
Reed and Goldberger (61) and later Knowlton (44) considered the 
total interelectrode resistance to be the sum of three resistances in 
scries, 
\2 
where R^ is the total interelectrode resistance, R^ is the resistance 
of the fluidized bed, and R , and R „ are the contact resistances at 
ci c2 
the electrodes. 
Knowlton (44) developed a method for calculating the bed resistance 
from field theory. He assumed that the time averaged potential 
distribution in an electrofluid reactor could be approximated by 
solutions of Laplaces' equation, 
V^R = 0 (9) 
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Using numerical methods, Knowlton calculated the potential distributions 
for cylindrical fluidized beds equipped with concentric electrodes; 
he found the calculated potential distribution to agree well with the 
time averaged experimental values obtained in the operation of 
his equipment. He also investigated the contact resistance of several 
electrode materials, but in this portion of his investigation, he 
measured total contact resistance, and did not attempt to determine 
values for surface resistivity. 
Variation of Gas Composition with Steam Conversion 
Warner (71) assumed the water gas shift reaction to be at equilibrium 
at all times, and calculated the product gas composition for the steam-
carbon system as a function of steam conversion. He was able to obtain 
a good match with the compositions reported by Brewer and Ryerson (6). 
Von Fredersdorff (69) made similar calculations, expressing the product 
gas composition as a function of steam conversion, and was able to 
obtain a good match with his experimental data. 
This method of calculation was later extended by Pulsifer and 
Wheelock (60) to include the methanation reaction by assuming the 
methanation reaction and the water gas shift reaction to be at equilibrium 
at all times. They then calculated gas compositions which agreed closely 
with experimental gas compositions reported by Kavlick e_t al. (42) 
at high pressures and temperatures. 
Conflicting reports are found in the literature concerning the 
water gas shift reaction. May e^ al. (52) reported that the amount of 
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carbon dioxide found in their product gases at times exceeded the 
equilibrium value. Hunt et al. (33) found the water gas shift reaction 
to be at equilibrium throughout their work. Ergun (13) found that the 
water gas shift reaction did not always attain equilibrium. Ergun 
attributed this to the physical removal of the product gases from the 
vicinity of the carbon surface which was needed to catalyze the water 
gas shift reaction. Gadsby £t al. (17) and Warner (71) both reported 
that they had found the water gas shift reaction to be catalyzed by 
the carbon surface; they were unable to produce any appreciable 
reaction between carbon dioxide and steam in the absence of the carbon 
surface. 
Steam-Carbon Kinetics 
The literature on carbon gasification is vast with papers treating 
this subject dating well back into the nineteenth century. That a 
combustible gas can be produced from ccsl by heating has been known 
since the late 1600's. The reaction of steam with hot carbon to form 
combustible gases has been known since 1790, and the gasification of 
coal has been practiced on a commercial scale since about 1800. In 
1941 Scott (62) reviewed the investigations of the gasification of 
carbon and summarized and interpreted the work up to the time of his 
compilation. Later, in 1963, Von Fredersdorff and Elliott (70) made 
a second compilation, reviewing and interpreting the investigations of 
carbon gasification up to the time of their compilation. 
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The gasification reactions 
Von Fredersdorff and Elliott (70), in their review of investigations 
of carbon gasification summarized the reactions most commonly investi­
gated as follows: 
C + H^O = CO + (I) 
C + ZHgO = COg + ZHg (II) 
CO + ZHgO = CO^ + Eg (III) 
C + COg = 2C0 (IV) 
C + ZHg = CH^ (V) 
Early investigators (6, 7, 15, 16, 30, 53, 62, 72) observed that at 
atmospheric pressure, the product gases consisted of unconverted steam 
hydrogen, carbon monoxide, and carbon dioxide, and small amounts of 
methane. From this, the early investigators concluded that the reac­
tions of the steam-carbon system were described by equations (I) and (II). 
These early workers also observed that the reaction rate increased 
with temperature, and also that the carbon monoxide content of the 
product gases also increased with temperature. Many of these investi­
gations were concerned with the catalysis of the carbon steam reactions 
(7, 15, 16, 30, 66, 72), and of the materials investigated, potassium 
carbonate was found to be the most effective catalyst and sodium 
carbonate was found to be effective in concentrations as low as 0.1% 
by weight of the solid phase. Taylor and Neville (66) found that the 
carbon-steam reactions and the carbon-carbon dioxide reactions were 
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catalyzed by the same materials, but the catalysts for the water gas 
shift reaction, reaction (III), were different. 
Warner (71) concluded from his work that carbon reacts directly 
with steam by reaction (I), producing carbon monoxide and hydrogen, 
and also concluded that the water gas shift reaction, reaction (III), 
occurred as a separate reaction in the gas phase. In their review of 
carbon gasification. Von Fredersdorff and Elliott concluded that 
although the equilibrium constant for the carbon-carbon dioxide 
reaction is larger than the equilibrium constant for the carbon-steam 
reaction, the carbon-carbon dioxide reaction probably does not occur 
to any appreciable extent in the gasification of carbon with steam 
because of the detering effect of the carbon monoxide produced by 
reaction (I), which would tend to reverse reaction (IV). 
Reaction mechanisms 
Smith (64) gives methods for the derivation of the Langmuir-
Hinshelwood equations which describe gas-solid reactions. Neglecting 
pore diffusion effects, gas-solid reactions can be envisioned as taking 
place in a number of discrete steps as follows: 
a. Diffusion of the reactant gases from the bulk gas phase to 
the gas-solid interface, 
b. Chemisorption of the reactant gases on the solid surface, 
c. Cliemical reaction on the solid surface, 
d. Desorption of the product gases from the solid surface, and 
e. Diffusion of the product gases into the bulk gas stream. 
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Each of these steps takes place at a definite rate, with the slowest 
step fixing the overall rate of reaction. 
For the case when reaction is kinetically controlled by the 
rate of step (c), it can be shown (3) that the rate expression for the 
carbon-steam reaction is, 
" " 1 + \o\o + V2 
where r is the rate of reaction, is concentration of active sites 
on the carbon surface, kg is the surface rate of reaction, ^ is 
L'he adsorption equilibrium constant for steam, is the adsorption 
2 
equilibrium constant for hydrogen, p^ ^  is the partial pressure of 
steam, and p is the partial pressure of hydrogen. From the expression, 
the rate of reaction would be expected to be proportional to the product 
of the concentration of active sites on the carbon surface, the forward 
surface rate constant, the equilibrium adsorption constant for water, 
and the partial pressure of steam in the gas phase. The reaction rate 
is retarded by steam and hydrogen occupying some of the active sites on 
the carbon surface. 
Zielke and Gorin (77) proposed a mechanism for the hydrogénation 
of carbon in which a hydrogen molecule upon approaching the carbon 
surface would split and actach two hydrogen atoms to two adjacent active 
sites on the carbon surface. In subsequent steps, hydrogen molecules 
would approach, split, and attach, forming the group -CH2 attached to 
the carbon surface, and finally the group -CH^. In the final step, a 
hydrogen molecule would approach the -CH^ group and react, releasing 
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a methane molecule, and leaving a hydrogen atom attached to a carbon 
atom exposed by the detachment of the methane molecule from the surface. 
Ergun (13) proposed that the attack on the carbon lattice by 
steam occurred in the following manner; a steam molecule would attach 
to a free site on the carbon surface; the oxygen would chemically unite 
with the active site forming an adsorbed molecule of carbon monoxide, 
with a molecule of hydrogen being desorbed from the active site at the 
same time. The adsorbed carbon monoxide molecule would then desorb into 
the gas phase, exposing free sites for further reaction with steam. 
Curran, Fink, and Gorin (9) proposed a more elaborate mechanism to 
describe the carbon-steam reactions: in the initial attack on the 
carbon lattice, the steam molecule would split, with an oxygen atom 
being adsorbed on a free active site and a molecule of hydrogen being 
adsorbed on an adjacent free site. A molecule of steam would then 
attach to a free active site adjacent to these and react, forming an 
occupied site holding an oxygen atom, a free site, and a desorbed 
methane molecule; this mechanism can be summarized in the following 
two reactions, 
C + H^O = (CO) + (Hg) (VI) 
2C + (HL) + (H.O) = CH^ + (CO) (VII) 
Von Fredersdorff and Elliott (70) and later Bair ^  al. (1) 
concluded that free active sites on the carbon surface at high tempera­
tures are short lived, and are closed by thermal annealing if they do 
not become involved in chemical reaction. 
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Effect of temperature on reaction rate 
Hunt, Mori, Katz and Peck (33) investigated the gasification of 
coke with steam at atmospheric pressure over a temperature range from 
1800°F to 2500°?. In analyzing their data, they plotted the specific 
gasification rate against the inverse space velocity, and extrapolated 
curves through their data points to zero inverse space velocity. The 
authors then took the slope of these curves at zero inverse space 
velocity as an estimate of the forward rate constant since reverse 
reactions would be negligible, and there would be little retarding 
effect due to chemisorbed hydrogen. These estimates of the forward 
rate constant were then plotted on an Arrhenius diagram, and from the 
shape of the curve they concluded that the reaction is mass transfer 
controlled at temperatures above 2100°F, and at temperatures below 
2100°F the reaction is kinetically controlled. 
Rate expressions and reactor models 
Gadsbvj Hitishelwood and Sykes (17) appear to have been the first 
investigators to analyze their data for the carbon-steam system in 
terms of a Langmuir rate equation, using the simplified notation, 
h\o 
They determined values for the three constants and found the retarding 
effect of chemisorbed steam to be small in comparison to the retarding 
effect of chemisorbed hydrogen. They worked with two types of carbon, 
coconut charcoal and coal charcoal, and found that these materials 
exhibited different reactivities when gasified with steam. 
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Earlier, Scott (62), using the data of Brewer and Ryerson (6), 
modeled the rate of the carbon-steam reaction as 
and showed that the reaction appeared to be a second order reaction 
with respect to the partial pressure of steam. Gadsby et al. (17), 
however, were unable to fit their data with this expression and 
concluded that the retarding effect of chemisorbed hydrogen could not 
be neglected. 
For a plug flow reactor, Levenspiel (50) gives the conversion of 
a reactant gas in a differential volume element of a plug flow reactor 
as 
where r is the rate of reaction, dW is the differential mass of the 
solid reactant, F is the feed rate of the reactant gas, and dx is the 
differential change in the reactant gas. This model assumes that 
there is no back-mixing or other abnormalities in flow such as channeling 
which would alter the idealized flow of gas through the reactor. 
Pulsifer and Wheelock (59) integrated equation (14) using a two 
constant rate expression which neglected the retarding effect of chemi­
sorbed steam, and obtained the following two expressions: 
2 (12)  
rdW = Fdx (13) 
(14) 
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F * - Xfi + (15) 
where a is a function of the water gas shift equilibrium constant, 
1 - 2K 
a - 2K (16) 
e 
The first expression assumes that the water gas shift reaction is at 
equilibrium, and the second expression ignores the water gas shift 
reaction altogether. Similar expressions have been developed by others 
(9, 13, 17, 52, 69) to describe steam conversion in a fixed bed, plug 
flow reactor; many of these contain empirical constants which were 
introduced to obtain integrable expressions from the basic differential 
equation for the plug flow reactor. 
Extension of fixed bed reactor models to fluidized beds 
The flow of fluid through a fluidized bed is complex, and is not 
described by simple piston flow. In fluidized gas solids systems, gas 
bubbles form which change the manner in which the gas contacts the solid 
phase. This results in a reduction in gas conversion which has been 
widely reported, and Kunii and Levenspiel (46) cite a number of papers 
on this subject. These authors developed a 'bubbling bed' reactor 
model to describe gas-solid reactions in a fluidized bed. 
In their model, they considered the fluidized bed to be comprised 
of three phases, an emulsion phase, a cloud phase, and a bubble phase. 
The chemical reaction between the gas and solid was considered to 
take place only in the emulsion and cloud phases, regulated by the 
local conditions in these phases. To apply the model to a real physical 
process, the authors used an adjustable parameter, the 'effective bubble 
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size,' In addition to the normal fluidization variables and material 
constants to describe the gas flow through a fluidized bed. The ap­
plications reviewed did not include reacting systems in which the 
superficial gas velocity changes through chemical reaction. 
Kato and Wen (40) developed a 'bubble assemblage' model to describe 
gas-solid reactions in fluidized beds which required a knowledge of the 
superficial and minimum fluidization gas velocities, static and fluidized 
bed depths, and the material constants for the solid phase. There 
were no adjustable parameters. The application of the model is neces­
sarily through numerical analysis. Haggerty (28) applied Kato and Wen's 
model to the steam gasification of coal char and tested the model for 
sensitivity to various parameters; he found calculated gas conversion 
to be strongly dependent upon the size to which gas bubbles grow in 
passing through a fluidized bed. In the applications reviewed, the 
effect of change in gas velocity through chemical reaction was neg­
lected. 
Fixed Bed Investigations 
Descriptions of a large number of fixed bed investigations of the 
steam gasification of carbon have appeared in the literature (4, 6, 
7, 15, 17, 30, 33, 37, 51, 52, 66, 67, 69, 71, 72). The early in­
vestigators (6, 7, 15, 16, 30, 53, 66, 67, 71) did not attach any 
importance to the retarding effect of chemisorbed hydrogen or mass of 
carbon present in the fixed bed; much of the data were reduced in 
terms of the average contact time between the gas and solid. 
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Gadsby al. (17) studied the steam gasification of coconut 
shell charcoal and coal charcoal in a fixed bed 3.1 cm in diameter 
filled with approximately 35 grams of material under study. By 
varying the feed gas composition and pressure, they obtained data 
from which estimates of the constants in the Langmuir rate expression 
were made; the forward rate constants for their materials were dif­
ferent, with coal charcoal appearing to be more reactive than coconut 
charcoal. Jolley and Poll (37) made a similar investigation using 
a 1-1/4 in. diameter fixed bed filled to a depth of from 2 to 3 in. 
with coke to be gasified. At constant temperature, they found that 
the reactivity of the coke as measured by the specific gasification 
rate increased as carbon was consumed, and did not attempt to fit their 
data with a Langmuir rate expression. 
In a study of the steam gasification of pitch coke having a low 
ash content. Von Fredersdorff (70) used a.fixed bed 3 in. in diameter. 
Both feed steam rates and bed depth were varied, and the gasification 
temperature was varied over a range of from 1700°F to 2500°F. In his 
apparatus, the bed depth was held constant by means of a feed tube 
which replenished the coke as it was consumed by gravity flow. Over 
a large number of runs, the author obtained feed steam conversion and 
product gas composition data over a wide range of operating conditions. 
•|1ie author was not able to obtain estimates of the constants in a 
Langmuir rate expression using a plug flow reactor model based on a 
two constant rate expression. He obtained both negative and positive 
values for quantities which are inherently positive, and concluded 
that the data did not fit the model. 
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Hunt al. (33) made a similar investigation using a 3 in, diameter 
fixed bed reactor at fixed bed depths of 3, 5, and 7 in. They varied 
the gasification temperature over a range of from 1800°F to 2500°F; the 
authors used their data to show that the steam-carbon reaction is 
diffusion controlled at temperatures above 2100°F, but did not attempt 
to analyze their investigation in terms of a plug flow reactor model. 
May e^ al. (52) investigated the steam gasification of Disco char 
in both fixed and fluidized beds, varying temperature, pressure, feed 
gas rate and feed gas composition. The authors analyzed their data 
using a two constant form of the Langmuir rate expression, accounting 
for the water gas shift reaction by an empirical method. They found 
forward surface rate constants of the same order of magnitude as those 
reported by Gadsby ejt (17). The kinetic constants obtained for 
the fluidized bed reactor were uniformly lower than those for the 
fixed bed reactor. The authors attributed this to feed gas passing 
through the reactor in bubbles which did not contact the char particles. 
The authors also concluded that the reactivity of coke increased with 
carbon bumoff. 
Fluidized Bed Investigations 
Goring et al. (23, 24) investigated the gasification of the same 
Disco char as was used by May ejt al. (52) in a fluidized bed reactor 
1-1/2 in. in diameter and bed depths of approximately 25 in. In this 
investigation the char was preheated by fluidization with nitrogen 
for varying lengths of time, after which the char was gasified with 
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steam. The specific gasification rate was found to vary in a complex 
manner with both the nitrogen pretreatment and the amount of carbon 
bumoff. With no pretreatment, the gasification rate decreased with 
carbon bumoff, but with nitrogen pretreatment, the gasification 
rate was found to increase with carbon bumoff. 
In some of their experiments, hydrogen was mixed with the feed 
steam; when the feed steam was mixed with 10% by volume of hydrogen, 
the gasification rate was found to increase with carbon burnoff, but 
with feed steam mixed with 50% by volume of hydrogen, the total 
gasification rate was observed to increase with carbon bumoff. In 
these experiments, the char was pretreated by fluidiziag with nitrogen 
for 1 hr at 1600°F. 
The authors fitted their data to an empirical expression for the 
total gasification rate, 
r^ = ATT" (17) 
where r^ is the total gasification rate, TT is the total pressure, and 
A and n are functions of carbon bumoff. Correlations were given which 
allowed the determination of both A and n with carbon bumoff. A 
similar set of relationships were developed for the total methanation 
rate. 
Zielke and Gorin (77, 78) made a similar investigation in 1955 
in which they gasified Disco char with hydrogen. The total gasification 
rate was again found to vary with carbon bumoff, and the authors 
found that the reactivity of the char could be changed by activating 
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the char with steam. After activation with steam, the reactivity with 
respect to hydrogen was high, but declined with carbon bumoff. 
In 1969, Curran, Fink and Gorin (9) investigated the steam gasifi­
cation of four lignite chars, with a part of the work being done with 
fluidized beds. The technique used was similar to that of Ergun (13), 
in which an initial charge of from 5 to 10 grams of char was mixed with 
fused periclase particles to obtain a bed 2-1/2 in. deep in a tube 1 in. 
in diameter. When a feed gas containing 32% by volume hydrogen was 
used, the gasification rate was found to decrease with carbon bumoff. 
One of the chars (Renner Cove) contained sodium carbonate which 
was present in the amount of 11.7% by weight, based on the ash. This 
char exhibited a higher reactivity than the other chars which con­
tained sodium carbonate in amounts of 4% or less, based on the ash. 
After the Renner Cove char was water extracted to reduce the sodium 
carbonate level, the reactivity was found to be reduced to a level 
comparable to the other chars used in their investigation. 
Ergun (13) gasified coke in a small fluidized bed which was 2.2 cm 
in diameter. In his work, he mixed from 1 to 8 grams of coke with 
fused periclase particles to obtain a fluidized bed approximately 2 in. 
deep. llie coke was not pretreated, and the carbon bumoff was limited 
to 5% or less, Ergun analyzed his data in terms of a sorption constant 
kg and the product of a forward rate constant and the concentration of 
active sites on the carbon surface, k^C^. He determined values for 
both kg and the product k^C^, and found that the value of k^C^ diminished 
with increase in temperature. He also observed that reaction rates 
were independent of particle size in his investigation. 
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Miscellaneous Investigations 
Dotson, Koehler and Holden (11) investigated the gasification of 
carbon by a falling particle method in which carbon containing particles 
were allowed to fall by gravity through an atmosphere of reactant gas. 
They studied both petroleum coke and graphite using a particle size 
range from 200 to 230 Tyler mesh size, and were able to obtain cumula­
tive residence times of as long as 25 seconds by recycling the material 
under study through the apparatus. The gasification of coke was found 
to be a linear function of residence time, while the gasification rate 
of ^'.raphite was a nonlinear function of residence time, decreasing with 
residence time. From this they concluded that the gasification rate 
of the coke did not vary with bumoff. 
Pilcher, Walker and Wright (58) studied the gasification of seven 
types of carbon. In their apparatus, gasification was carried out by 
exposing sample rods 1/2 in. in diameter by 2 in, in length to a reactant 
gas stream in a tube 1-I/S in. in diameter. The samples were suspended 
from a balance, allowing the weight loss with time to be determined. 
From their data, the authors concluded that the gasification rate 
was not a function of carbon bumoff. 
Electrical Field Effects 
Nielson (56) compiled a bibliography of papers describing the 
effects of electrical fields on chemical processes and operations. 
Most of the literature which he cited described the changes in boiling 
and heat transfer which can be achieved through the use of electrical 
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fields. Coulson and Porter (8) found that the electrical phenomena are 
induced by the generation of a dipole in nonpolar molecules, or by 
the alignment of molecules possessing a permanent dipole with the 
electrical field. This has been found to increase heat transfer, thermal 
conductivity, and boiling rates. No investigations of the effect of an 
electric field on noncatalytic heterogeneous chemical reactions have 
appeared, however. 
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PRELIMINARY CALCULATION STUDIES 
Product Gas Composition 
In his study of the steam carbon-system, Warner (71) considered 
the only reactions taking place at atmospheric pressure to be 
C + H^O = CO + (I) 
and 
CO + H^O = ^2 + CO^. (Ill) 
By assuming reaction (III), the water gas shift reaction, to be at 
equilibrium, he was able to express the mole fractions of unconverted 
steam, hydrogen, carbon monoxide and carbon dioxide in terms of the 
fraction of feed steam converted at a temperature under consideration. 
Using this method of calculation, Warner obtained good agreement with 
the experimentally observed variation of gas composition with steam 
conversion observed by Brewer and Ryerson (6). 
When carbon is gasified with steam at high pressures, appreciable 
amounts of methane are produced. Pulsifer and Wheelock (60) observed 
that both the methanation reaction, 
C + 2H^ = CH^ (V) 
and the water gas shift reaction appear to take place more rapidly than 
the carbon-steam reaction. They then extended Warner's method of 
calculation to include the methanation reaction by assuming that both 
the water gas shift reaction and the methanation reaction to be at 
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equilibrium. The calculation of the variation of gas composition with 
steam conversion was by trial and error. The calculation method 
was then programmed for the computer, as described in Appendix A, and 
the variation of product gas composition calculated for temperatures and 
pressures of interest. 
The variation of the expected product gas compositions as a func­
tion of steam conversion over the temperature range of from 1500°F to 
2000°F is shown in Figure 5. The expected gas compositions are on a 
water free basis, and are shown as envelopes, with the mole fractions 
at 1500°F and 2000OF forming the upper and lower boundary of each 
component envelope. From the figure, it can be seen that at atmospheric 
pressure, the hydrogen content of the dry gas is nearly independent of 
temperature. At these temperatures and pressures, the equilibrium 
constant for the methanation reaction is small, so that the expected 
methane content would be at most only a few percent by volume. 
To further explore the effect of temperature and pressure on 
product gas composition, the variation of expected product gas composi­
tion over the temperature range of from iOOO°F to 1300°F was calculated. 
The results of these calculations are shown in Figure 6. As before, 
the mole percent of each component at 1000°F and ISOO^F form the 
boundaries of the component envelopes, with the compositions for 
intermediate temperatures falling within the envelopes. From the figure, 
it can be seen that methane formation would be favored by reducing the 
gasification temperature, but the maximum expected steam conversion would 
be 80% or less. A third set of calculations were made for the same 
temperature range at a pressure of 70 atmospheres, with the results of 
Figure 5. Variation of gas composition, steam free basis, at 
1 atmosphere with the water gas shift and methanation 
reactions at equilibrium. 
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Figure 6. Variation of gas composition, water free basis, in low 
temperature range at 1 atmosphere with the water gas shift 
and methanation reactions at equilibrium. 
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the calculations being shown in Figure 7. From the figure, it can be 
seen that methane formation would be expected to be favored by high 
pressure, with the expected methane content of the dry product gas 
being on the order of 40 mole percent. The maximum expected steam 
conversion is reduced, however, to approximately 50%. 
From these calculations, some generalizations can be made con­
cerning the expected distribution of products that can be obtained in 
the steam gasification of carbon by varying temperature and pressure. 
At high pressures and relatively low temperatures, the expected principal 
products would be methane and carbon dioxide and the maximum possible 
steam conversion would be on the order of 50%. At low pressure and 
relatively high temperatures, the principal products would be hydrogen, 
carbon monoxide and carbon dioxide, with the maximum possible steam 
conversion being nearly 100%. Thus, if methane is desired, high pressure, 
moderate temperature processing conditions should be used. If hydrogen 
is desired, a low pressure, high temperature gasification should be 
used. 
Further calculations were made to compare the expected product 
gas compositions with experimental gas compositions observed by Von 
Fredersdorff (69) who operated a fixed bed reactor over a range of 
temperatures from 1700°F to 2500°F. The experimentally observed 
composition data are compared with the expected values in Figures 8 
through 15. The agreement of the expected values with the experimental 
values is only approximate at 1700°F; the agreement with the expected 
values improves with increase in gasification temperature. 
Figure 7. Variation of gas composition, water free basis, in low 
temperature range at 70 atmospheres with the water gas 
shift and methanation reactions at equilibrium. 
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Figure 8. Experimental product gas compositions of Von Fredersdorff 
compared with calculated product gas composition as a 
function of steam conversion at 1700°F and 1 atmosphere. 
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Figure 9. Experimental product gas compositions of Von Fredersdorff 
compared with calculated product gas compositions as a 
function of steam conversion at 1800°F, 1 atmosphere. 
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Figure 11. Experimental product gas compositions of Von Fredersdorff 
compared with calculated product gas compositions as a 
function of steam conversion at 2000OF and 1 atmosphere. 
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Figure 12. Experimental product gas compositions of Von Fredersdorff 
compared with calculated product gas compositions as a 
function of steam conversion at 2100°F, and 1 atmosphere. 
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Figure 13. Experimental product gas compositions of Von Fredersdorff 
compared to calculated product gas compositions as a 
function of steam conversion at 2200°F and 1 atmosphere. 
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Figure 14. Experimental product gas compositions of Von Fredersdorff 
compared with calculated product gas compositions as a 
function of steam conversion at 2300°F and 1 atmosphere. 
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Figure 15. Experimental product gas compositions of Von Fredersdorff 
compared with calculated product gas compositions as a 
function of steam conversion at 2500°F and 1 atmosphere. 
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Calculations were made to compare the product gas compositions 
observed by workers at the Institute of Gas Technology with those 
which were obtained using the model. The gasifications were carried 
out with coal chars at temperatures above 1500°F and at pressures in 
the vicinity of 1000 psig. The calculated compositions are compared 
with the experimentally observed values in Table 1. At the higher 
temperatures, the agreement appears to be reasonable. At lower 
temperatures, the carbon monoxide content is higher than the ex­
pected value, indicating that the water gas shift reaction did not 
attain equilibrium at the lower temperatures. 
Carbon-Steam Kinetics 
There are only a few bodies of data published in the literature 
which can be used to study the kinetics of the steam-carbon reaction, 
those of Von Fredersdorff (69), May et al. (52) and Jolley and Poll (37), 
who studied the steam gasification of cokes and coal chars similar to 
the materials used in this investigation. These authors published 
their data, allowing the evaluation of mathematical models for fixed 
bed steam gasification of coal char. 
The rate expression for the carbon steam reaction is commonly 
given as 
r = (11) 
1 + 
Table 1. Comparison of observed product: gas composition with calculated product gas compositions at 
high pressure 
Ref 
Temp. 
Op 
Pt 
psig Hr 
Observed mole percent 
CO COo CH4 HgO 
Calculated mole percent 
CO CO, CH, HgO 
_a 1524 990 0.471 47.3 32.7 13.8 6.2 Jb 38.68 15.57 29.97 17.30 
b 
_a 
1664 1016 0.597 43.5 3H.7 10.0 7.8 
_b 
41.07 25.61 20.54 12.84 
b 
_a 
1641 1000 0.603 51.6 29.3 12.8 6.3 
_b 
40.40 24.89 21.23 13.48 
b 
_a 1665 1000 0.580 51.3 26.5 15.6 6.6 
_b 
41.58 24.64 21.13 12.65 
b 
(55) 1725 1040 0.459 28.4 1H.9 8.2 4.0 40.3 25.58 20.17 13.34 5.97 44.26 
(55) 1690 1020 0.373 25.4 1W.3 4.7 3.3 48.3 21.69 7.18 12.33 5.08 53.72 
(55) 1725 1024 0.590 32.9 16,5 14.0 6.9 29.3 29.54 18.57 13.09 7.62 31.19 
(55) 1765 1024 0.604 34.5 17.0 13.2 6.8 28.2 30.80 20.30 12.32 5.96 29.49 
(55) 1845 996 0.551 31.5 11.6 14.1 6.4 36.4 30.86 18.60 11.39 4.25 43.95 
(55) 1805 959 0.430 27.8 1H.7 5.7 5.0 42.8 26.15 11.29 11.97 4.35 46.72 
(55) 1893 1008 0.652 35.4 24.8 9.1 6.8 23.9 34.42 26.04 9.66 5.48 24.40 
(55) 1902 1010 0.529 32.7 17.4 8.9 4.9 36.1 30.98 18.14 10.84 4.42 35.63 
Private communication from Institute of Gas Technology. 
Dry gas composition reported. 
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where r is the reaction rate, p ^ and p are the partial pressures of 
H2° 
steam and hydrogen, and k^, k^ and k^ are temperature dependent constants. 
Values from the literature for these constants are shown in Table 2. 
When derived from first principles (3), however, it can be shown that 
the rate expression in more complete form is 
where is the concentration of active sites on the carbon surface, 
k^ is the forward surface reaction rate constant, and ^ are 
adsorption equilibrium constants, and p and p „ are the partial 
pressures of steam and hydrogen in the gas phase. Thus, the k^ 
of the first expression is in reality a lumped parameter. Also, 
since the temperatures usually used in the steam gasification of 
carbon are well above those used to devolatilize carbon, the retarding 
cffect of steam and hydrogen adsorbed on the carbon surface may be 
smal1. 
Von Fredersdorff (69) fitted his data with a two constant rate 
expression; in the analysis of his data, he obtained both positive 
and negative values for the kinetic constants, which must be positive 
to have physical significance. He then concluded that the data did 
not fit his model. The data of Von Fredersdorff were reexamined using 
the expression developed by Pulsifer and Wheelock (59) for a plug flow 
reactor with the water gas shift at equilibrium: 
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Table 2. Rate constants for the carbon-steam reaction. 
^1 
Temp mol H^O kg kg 
Carbon type OC gm mol C-hr-atm atm ^ atm~^ Ref 
Coconut shell charcoal 700 
Coal charcoal 800 
Pitch coke 982 
Pitch coke 1038 
Coal char 816 
Coal char 871 
Coal char 927 
Coal char 982 
Coal char 1038 
Disco char 871 
Disco char 927 
0.259 40 1.0 (17) 
0.647 150 2.3 (17) 
0.027 10 - (69) 
0.048 4.25 - (69) 
0.0263 - - (28) 
0.1271 - - (28) 
0.5309 - - (28) 
1.953 - - (28) 
6.435 — — (28) 
0.35 2.0 - (52) 
0.95 2.1 - (52) 
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I = Ck I t2 + 72 + »1 
t S Ti-0 t r 2a 
Kg 
1  .  2  r .  ,  1  
C k *f + C.k K - xj " (18) 
t s t s HgO 
This expression can be rewritten as 
^ =1 + c^k- =2 + =3 
and can be reparameterized to the form, 
Y = b^x^ + bgXg + bgXg . (20) 
Using Von Fredersdorff's data, multiple linear regressions were made 
to obtain estimates of b^, b^ and b^. When the groups C^k^K^ 0' ^  0 
and were reconstructed from the estimates for b^, b^, and b^, both 
positive and negative values were obtained for these groups. 
The analysis of the data was then enlarged in the following 
manner; starting with equation (20), the normal equations were derived, 
taking the partial derivative of the sum of deviations squared with 
respect to the group C^k^, and ^ and , obtaining, 
+ 2Kjj^ a!j^ Xj + gKg (21) 
Cjk^atjY = atjXj + (23) 
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The variables and always appear together as the product C^k^, so 
that it is not possible to obtain estimates of and k^ separately. 
Then, by rearrangement and substitution, the following expressions 
were obtained which could be used to make estimates of C k , K,, „ and 
t s TîgO 
*^ 2 . 2 
Ix Y)ic X Ex X Bc„x 7x_Y2k 
- 2xfac_Y + — + / + 
. IXg EX3 
Ix^x^YXgX^Sc^Y Sx^x^Sx^x^Sx^Y' 
Be; %x: 
V 
Ex: 
+ Ix^ YSc, x„ -
Z 1 z 
Be? 
_ Ix-x_Bc_x 2x Y Ix^Bc X Sc-Y 
- Fx^Sx^Y + ^ 2 + 2 
ix: Btl 
(24) 
Ex^x^Ix^x^ 
Ix? 
+ 
• 2 
"tK ' ? S c . x & . y l  
L 
r I _ 
Be: J "SzOL"*!' 
Be. x_Bc„Yl (25) 
Bc_Y Be_x_ Ex.x_ 
(26) 
Tlie appropriate summations were calculated, using the data taken at 
2lOO"r. When substituted into equation (24), the following expression 
for wns obtained: 
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49.9227 + 49.4431 + 51 .4431 + 52 .0763 
50.4973 - 52.5419 
17.0273 + 17.5597 - 18 .0945 + 17 .3903 
19.1427 + 19.3139 
= (0.0006)/(- 0.0006) = -  1.0 
Substituting into equation (26), a value of - 0.0607 was obtained for 
C^kg, and upon completing the calculations, a value of - 1.4921 was 
obtained for K from equation (27). From this it became clear that 
2 
the estimates of C^k^, ^ and were being obtained by taking the 
difference between relatively large numbers; extremely precise data 
would be required to obtain reliable estimates of the parameters by 
this method. 
Another analysis was made in which sum of squares surface was 
examined, using the method of steepest descent to locate the minimum 
in the positive quadrant of the four dimensional space defined by 
the sum of squares ordinate and the x^, and x^ abscissae. The 
data of Von Fradarsdcrff (69) ar.d May ^  al. (52) vere examined by this 
method and the values of the parameters obtained are shown in Table 3. 
From the table, it can be seen that the estimates of C k increase with 
t s 
temperature, as would be expected but the estimates of K and K do 
"2° "2 
not show any strong trend with temperature, although the values of 
these parameters would be expected to decrease with temperature. The 
product C^k^K^ ^  is shown in the last column, with the value of this 
group increasing more or less regularly with temperature. 
A final analysis of the data of Von Fredersdorff (69) and May e_t al. 
(52) was made using a simple, single constant model. 
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Table 3. Estimates of C^kg, Kp^O» and C^^kgKggQ obtained by non­
linear regression restricted to positive values 
Temp 
Rcf OF C^kg KHgO Kllg C^k^KHgO 
1700 0.0138 1.0197 2.920 0.01404 
1800 0.1724 1.000 190.3 0.1724 
1900 0.0735 1.214 0.0 0.0893 
2000 1.109 0.3089 3.079 0.3425 
2100 1.348 0.8047 1.171 1.085 
2200 1.011 1.060 0.973 1.072 
2300 1.592 1.083 0.962 1.724 
2500 1.014 6.124 1.429 6.211 
1600 0.2084 4.527 0.1415 0.9434 
1700 1.174 0.8280 0.7716 0.9718 
1800 1.031 6.1783 .6.784 6.361 
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W/F = .  (27) 
Values for ^ were obtained by regression analysis of their data, 
which are shown in Table 4. The values for obtained in the 
regression analysis with constraints are compared with the values ob­
tained in the regression analysis of the model given in equation (27) 
in the Arrhenius diagram shown in Figure 16. The analyses were made 
using the data of Von Fredersdorff. The estimates of from 
the regression with constraints are uniformly larger than the values 
obtained from regression analysis of the single constant model, showing 
the effect of neglecting the effect of chemisorbed steam and hydrogen 
on the reaction rate. 
The data of May e^ al. (52) were analyzed in a similar manner, 
and the estimates of are shown on an Arrhenius diagram in 
Figure 17, together with the original values published by May e^ al. 
(shown in circles) and values calculated by Haggerty (28) who analyzed 
data from the fluidized bed gasification of coal char using a single 
constant model. Comparing Figure 16 with Figure 17, it can be seen 
that the reactivity of Disco char and coal char is much greater than 
the reactivity of the pitch coke used by Von Fredersdorff. The ash 
content of the pitch coke was approximately 1% by weight, and the ash 
content of the Disco char and coal chars was approximately 15% by 
weight. Cokes and coal chars are known to vary widely in reactivity, 
and the reactivity appears to be related in a general way to the ash 
content with the ash acting as a catalyst for the carbon-steam reaction. 
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Table 4. Estimates of Cj-kgR^^o obtained by regression analysis of a 
single parameter model, water gas shift at equilibrium 
4 
Temp 10 
Ref Op T°R 
1700 4.630 0.0069 
1800 4.425 0.0165 
1900 4.237 0.0409 
2000 4.065 0.1794 
2100 3.906 0.5157 
2200 3.759 0.6439 
2300 3.623 1.026 
2500 3.378 2.133 
1600 4.854 0.1733 
1700 4.630 0.5867 
1800 4.237 1.0821 
Figure 16. Estimates of CtkgKH^O obtained by restricted regression 
analysis compared with estimates obtained by regression 
analysis using a single constant model. Data of Von 
Fredersdorff (69). 
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Figure 17. Estimates of CtkgKH20 obtained by restricted regression 
analysis compared with estimates obtained by regression 
using a single constant model and the data of May eit al. 
(52). 
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liquation (27) was used to calculate single point estimates of the 
group Q using the data of Jolley and Poll (37). The values 
obtained are plotted with the calculated ash content in Figure 18. 
Data from two cokes were examined; from the figure, it can be seen 
that the reactivity of one coke increased with increase in ash content 
while Che reactivity of the second coke remained nearly constant; from 
this, it appears that while the presence of ash forming materials in 
coal char catalyzes the carbon steam reaction, the change in reactivity 
Ls not related to the ash content in a simple manner. It is also 
interesting to note that the data shown in Figures 16 and 17 imply 
that the chemical reactivity of carbon at elevated temperatures is 
large, since the forward rate constant group C^k^K^ ^  contains a 
factor which appears to be small enough to be neglected when it ap­
pears by itself. 
Plug Flow Reactor Models 
Fixed bed reactors 
A least squares fit of the rate constants of May e^ al. (52) at 
temperatures of 1600°F, 1700°F and 1800°F for both fixed beds and 
fluidized beds was made to obtain estimates of the constants at 1500OF 
and 1900°F. The values of the constants calculated from the least 
squares fit of the data were then used in the two constant form of the 
fixed bed plug flow reactor. 
Figure 18. Variation of CctgKygO with ash content of coke calculated 
from equation (28) using data of Jolley and Poll (37). 
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1 (28) 
to obtain the curves shown in Figure 19. These curves show the expected 
variation of steam conversion with inverse space velocity at tempera­
tures of from 1500°F to 1900°F. The fixed bed data of May e^ al. at 
1 atmosphere are also shown. While there is some scatter, the fixed 
bed data appear to agree reasonably well with the calculated curves. 
The model given by equation (28) differs from the model used by 
May et al. in the method of accounting for the water gas shift reaction. 
In equation (28), the water gas shift reaction is assumed to be at 
equilibrium; May e_t al. used an empirical method to account for the 
water gas shift reaction. This change does not appear to have a great 
effect on the expected variation of steam conversion with inverse space 
velocity. 
The values of the kinetic constants for fluidized beds obtained 
from a least squares fit of the data of May e^ were used with 
equation (28) to obtain the expected variation of steam conversion with 
inverse space velocity in fluidized bed reactors at 1 atmosphere at 
ItMiipcratures ranging from 1500°F to ISGO^F. The curves are shown 
in I'lK'irc 20 together with the data of May e^ al^. for fluidized beds 
of Disco char at 1 atmosphere. Comparing Figures 19 and 20, it can 
be seen that the curves in Figure 20 are displaced downwards and to 
the right of the curves shown in Figure 19, showing that the fluidized 
 ^4 «y /a O O 4- V o i.  ^W WW A. 
Figure 19, Expected variation of steam conversion with inverse space 
velocity calculated from plug flow fixed bed model using 
rate constants derived from the data of May et al. (52). 
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Figure 20. Expected variation of steam conversion with inverse space 
velocity calculated from plug flow reactor model using 
rate constants derived from the data of May e^ a^. (52) 
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bed reactor can be expected to be somewhat less efficient than a fixed 
bed reactor. 
The curves for the single constant model given by equation (27) 
were calculated; when compared to Figures 19 and 20, the curves were 
found to be displaced upwards and to the left, showing that at high 
steam conversions, there are substantial differences between a single 
constant model and a two constant plug flow reactor model. At low 
steam conversions, this difference was much less. 
Correlations for Calculating Interelectrode Resistance 
In the experimental investigation, both single phase and three 
phase power supplies were used to operate the electro fluid reactor. 
The electrodes used for introducing the electric current into the 
reactor were cylindrical in shape, and were arranged in the manner 
shown in Figures 21a and c; the grounded, conducting wall also served 
as one of the electrodes. Corrélations for calculating interelectrode 
resistance for the electrode configurations shown in Figures 21a and 
b were obtained using data from tank analogs comprised of cylindrical 
tanks of dilute electrolyte into which lengths of copper pipe were 
inserted to simulate the electrodes. Electrical resistance measure­
ments were then made to obtain data for developing correlations for 
calculating the components of interelectrode resistance shown in the 
load diagrams of Figure 21. The development of these correlations is 
described in Appendix B. 
Figure 21. Electrode configurations and load diagrams. 
a. Two electrode, conducting, grounded wall. 
b. Three! electrode, nonconducting wall, 
c. Three electrode, conducting, grounded wall. 
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97 
In Figure 21a, the electrode configuration and load diagram for 
heating with a single phase of electric power is shown. The electric 
current passes from the centered, cylindrical, partially immersed 
electrode through the conducting media to the grounded, conducting 
wall. The total interelectrode resistance was modeled as the sum of 
the contact resistances and the electrical resistance of the conducting 
medium, 
*t = *06 + *ew + Bcw ' (29) 
where R is the total interelectrode resistance, R is the contact 
t ce 
resistance at the center electrode, R^^ is the resistance through 
the conducting medium, and R^ is the contact resistance at the wall. 
In Figure 21b, the electrode configuration and load diagram for 
a three phase system with a nonconducting wall are shown. In this 
configuration, the electric current flows only between phases, and the 
resistance of the conducting medium is considered to be a delta con­
nected load. The current is considered to partition between the 
phases after passing through the interface between the electrodes and 
the conducting medium. 
In Figure 21c, the electrode configuration for heating with three 
phase power with a grounded conducting wall is shown. The current is 
considered to partition between the phases and the conducting wall 
after passing through the interfaces separating the conducting medium 
from the center electrodes and the grounded wall. The circuit in this 
case can be represented as a wye connected load superimposed on a 
delta connected load. The following correlations were obtained for 
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calculating the values of and from the study of tank analogs 
described in Appendix B: 
for use with the case shown in Figure 21b. The contact resistances 
are calculated from 
P. 
"c ° 
c 
In these correlations, Ji is the immersed length of the electrode, 
is the volume resistivity of the conducting medium, 1] is a surface 
position coordinate in bipolar cylindrical coordinates, and L is the 
depth of the conducting medium. The groups (A + B)/D^ and Lg/L^ 
are calculated from the dimensions of the system as shown in Appendix B. 
Correlations for calculating the components of interelectrode 
resistance for the case shown in Figure 21c were not developed; this . 
is because the way in which current partitions between the phases is 
dependent upon the magnitude of the contact resistance at the grounded 
conducting wall, and would have required the use of many wall materials 
of different surface resistivities in the tank analog studies. If the 
contact resistance at the wall is large, however, current flow to the 
grounded, conducting wall would be small. Neglecting the current flow 
to the wall, the resistive loads could be approximated by the case 
shown in Figure 21b. 
(30) 
for use with the case shown in Figure 21a, and 
(31) 
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Interelectrode resistance in the presence of a contact resistance 
Knovlton (44) found that the time averaged potential distribution 
of a fluidized bed of conducting particles could be approximated by 
solutions of Laplaces' equation, but confined his calculations to the 
study of the bed resistance. This type of calculation was extended 
to the calculation of total interelectrode resistance in the presence 
of contact resistance using the field shown in Figure 22. The field 
is an irregular shape of uniform unit thickness. The upper conducting 
boundary, or 'electrode,' was along the line y = 3 over the interval 
0 < X < 10, and along the line x = 10 over the interval 0 <y < 3. 
The lower conducting boundary, or 'electrode,' was along the line 
y = 20 over the interval 0 < x < 20. The surface resistivities of 
the upper and lower conducting boundaries were specified to be constants, 
as was the volume resistivity of the field. The remaining boundaries 
of the field were nonconducting. 
The potential distribution within the field was first obtained 
by solving Laplaces' equation for the boundary conditions 
?F 
+ — (E^ - E) = 0 for 0 <x <10, y = 3 (32) 
+ — (E, - E) = 0 for 0 < y <3, x = 10 
2k 0 1 — — 
(33) 
= 0 for X = 0, 3 <y < 20 and x = 20, 0 < y < 20 (34) 
?E ^v 
+ — E = 0 for 0 <x < 20, y = 20 (35) 
= 0 for y = 0, 10 < X < 20 (36) 
Figure 22. Two dimensional grid for the calculation study of total 
interelectrode resistance and potential distribution in 
the presence of contact resistance. 
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The solutions were obtained by numerical analysis using an electronic 
computer. The derivation of the computational molecules used to 
describe the boundary mesh points and the internal mesh points and 
other aspects of the numerical analysis of this kind of system are 
described in various textbooks (12, 45, 47). After obtaining the 
numerical solution of Laplaces* equation for each case considered, the 
lines of constant potential were obtained by linear interpolation 
between the mesh points in the field. The potential gradient at the 
mesh points along the conducting boundaries was calculated by taking the 
potential difference between the interior points adjacent to the boundary 
points and the boundary points. The current density at each mesh point 
was then calculated from 
J = — VE (37) 
Pv 
where J is the current density in amps/unit area. The total current 
flow through the field was then obtained by summing the current flow 
over the conducting boundaries from 
n 
I = XI (38) 
c I 1 1 
where is the total current flow, and is the average density of 
current flowing in the direction normal to the ith increment of 
area, A^. The coordinates of the stream functions for flow fractions 
of 1/10 were calculated from a knowledge of the total current flow 
and the current distribution along the boundary obtained from 
equation (38), The coordinates of the stream functions for flow 
fractions of 1/10 in the interior of the field were obtained by similar 
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calculations. A line of constant x or y was drawn through the field, 
and the voltage gradient at each mesh point in the line calculated 
from 
àE ^ Ed + 1, J) - Ed - 1, J) (39) 
2 
where n is in the direction normal to the surface through which the 
electric flux is flowing. The mesh points are one unit distance apart. 
After locating the stream functions, the total interelectrode resistance 
was calculated as the quotient of the total applied voltage and the 
total current flow. 
The constant potential lines and stream functions for the case 
in which there is no contact resistance is shown in Figure 23. Since 
there is no contact voltage drop, the constant potential lines run 
parallel to the conducting surfaces, which are at uniform potential. 
The stream functions form an orthogonal set with the constant potential 
lines, and intersect the conducting surfaces at right angles. For 
the particular case shown, the total interelectrode resistance was 
2.91 ohms when the volume resistivity was fixed at 30 ohm-in. In 
this case, the total interelectrode resistance was independent of the 
applied voltage. 
The appearance of the electric field in the presence of contact 
resistance is shown in Figure 24. In the particular case shown, the 
surface resistivities of the upper and lower conducting boundaries were 
2 2 fixed at 5.0 ohm-in. and 10.0 ohm-in. respectively, and the volume 
resistivity was fixed at 0.30 ohm-in. From the figure, it can be seen 
tiiat the constant potential lines no longer parallel the conducting 
Figure 23. Potential distribution and stream functions in the 
absence of contact resistance. 
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Figure 24. Potential distribution and stream functions in the 
presence of contact resistance. 
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boundaries, and the stream functions do not intersect the conducting 
surfaces at right angles, but are somewhat slanted. Since the field 
boundaries at the conducting surfaces are not at uniform potential, 
there is current flow in the field parallel to the conducting surface 
as well as in the direction normal to the conducting surface. For the 
values of surface and volume resistivity used, the total interelectrode 
rosI stance was calculated to be 1.18 ohm, and was independent of the 
api>l led voltage. 
For the cases shown in Figures 23 and 24, and all other cases 
which were calculated, the total interelectrode resistance was inde­
pendent of applied potential. Lee e^ al. (48) found the total inter­
electrode resistance of fluidized beds of coal char at elevated 
temperature and pressure to be a function of the applied voltage, or 
current density, as shown in Figure 4. From the study made here, it 
was concluded that the nonlinearity of total interelectrode resistance 
with current density observed by Lee e^ a^. was due to other phenomena 
than the distortion of an electric field characterized by current flow 
through a medium of constant volume resistivity in the presence of 
contact resistances characterized by constant surface resistivities at 
the conducting surfaces. 
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KXPERIMENTAI, INVESTIGATION 
Raw Materials 
The chemical composition of the coal chars used in the investiga­
tion are shown in Table 5. All chars were processed by the supplier 
to remove substantial amounts of moisture and volatile matter leaving 
a free flowing granular solid which was high in fixed carbon. The 
particle size distribution of the chars in the 'as received' condition 
was variable; prior to use the chars were screened, discarding all 
material retained on a size 20 Tyler mesh screen, and all material 
passing a size 200 Tyler mesh screen. Prior to making each run, screen 
analyses and proximate analyses were made on the feed char and starting 
bed material. These data were included in the laboratory record for 
each run. 
Equipment and Procedure 
Apparatus 
A schematic flow diagram of the coal char gasification equipment 
used in this investigation is shown in Figure 25. The process equip­
ment train for generating the steam starts with two 6 in. diameter 
Plexiglas columns approximately 48 in. tall which served as feedwater 
reservoirs. When operating, water was withdrawn from one of the 
columns; the quantity of water used in a given time interval was 
measured by the drop in liquid level. When one column was depleted, 
the valves at the foot of the columns were operated so that feed 
was withdrawn from the unused column. The supply in the empty colimin 
Table 5, Chemical composition of coal chars used 
Type of analysis 
Proximate analysis 
Moisture and volatile matter 
Fixed carbon 
Ash 
Ultimate analysis 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen 
Ash 
Runs where used 
Weight percent 
FMC 3B 
CRD 8872 
FMC 4 
CRD 9221 
Bear char Illinois No, 6 
CRD 11686 
14.6 5.0 7.4 3.2 
71.7 75.3 79.1 75.3 
13.7 19.7 11.6 21.5 
78.0 74.5 82.3 77.5 
1.7 1.5 1.7 0.8 
1.1 1.1 1.4 0.9 
0.5 3.0 0.5 3.3 
4.1 0 2.5 0 
14.6 19.9 11.6 21.5 
30-43, 
45-47 
28,29 49-58, 
61-70 
71,72 
Figure 25. Process equipment flow sheet for the steam gasification of coal char in an electrofluid 
reactor. 
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was then replenished. The water flowed by gravity to a gear pump which 
was equipped with continuous speed controls. The gear pump metered 
the water and discharged it to the steam generator, which operated at 
a slight positive pressure. 
The steam generator was a double pipe heat exchanger which was 
heated by low pressure steam. The steam from the steam generator was 
passed through a superheater, where the temperature was raised to 
from 700°F to 1000°F as measured at point E. It then passed through 
the gas distributor into the fluidized bed of coal char, where it was 
converted into product gases. 
The product gases emerging from the fluidized bed passed upwards 
through an enlargement in the reactor cross section where char particles 
were disentrained from the gas stream. The product gases then passed 
through the off-gas main into the hot cyclone, where fines entrained 
in the gas stream were removed. The cleaned gases then passed through 
a series of heat exchangers where unconverted steam was condensed. 
The condensate was removed from the gas stream in the knockout drum; 
collected condensate was removed at point H and weighed periodically 
throughout a run. 
There were two series of heat exchangers in parallel. Periodically, 
the gas flow was switched to the unused set of heat exchangers, and 
fines were flushed from the walls of the heat exchanger taken out of 
service by means of jets of water introduced through a syringe mounted 
in the heat exchanger. Provision was made to keep the flushings separated 
from the condensate formed from unconverted steam. The flushings were 
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collected, filtered, and dried to determine the amount of material re­
moved from the process in this manner. 
The gases emerging from the knockout drum were cooled to below 
their dew point in the chiller, which was kept filled with a mixture 
of water and ice. Both the total volume produced and the flow rate of 
the dry product gases were measured with a dry gas meter, shown at 
point I. The off-gas stream was sampled for analysis with a gas 
chromatograph through the sample line J. The product gases were then 
vented to the atmosphere by means of an air ejector located on the roof 
of the building. 
The stock of coal char feed to be gasified was stored in the 
hopper of the feeder which was sealed and kept at the same pressure 
as the reactor by means of a tube connecting the top of the reactor 
with the top of the feeder. Coal char was conveyed through the feed 
tube by means of a screw turning at a controlled rate of speed; the 
feed discharged from the feed tube into a vertical pipe from which the 
coal char dropped by gravity onto the surface of the fluidized bed in 
the reactor. 
Excess char was removed from the reactor through an overflow tube 
which discharged into a detachable canister, shown at point G. When 
operating, the canisters were changed every 10 to 15 minutes> and the 
char collected was reserved for weighing. The fines collected in the 
hot cyclone were also periodically collected and weighed, using detachable 
canisters similar to those used for collecting char overflow. 
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Reactor 
A detailed sketch of the reactor giving the principal dimensions 
is shown in Figure 26. The chamber containing the fluidized bed was 
formed by a Crystalon 63 tube having an inside diameter of 12 in. and 
an overall height of 24 in. The tube walls are 1 in. thick. Crystalon 63 
is the proprietary name for a particular grade of silicon carbide 
supplied by the Norton Company. 
The cross-sectional area above the Crystalon tube was expanded 
from a 13 in. diameter to a 22 in. diameter to reduce gas velocity 
and enhance solids disentrainment. The distance from the top of 
the Crystalon tube to the roof of the reaction chamber was 23 in. 
The product gases passed out of the reaction chamber through four 
2 in. I.D. ports spaced 90° apart around the top of the reaction 
chamber. These ports connected with the off-gas main which completely 
encircled the reactor and discharged to the hot cyclone. The top of 
the reactor was removable, and was made from refractory cement cast 
in the shape of a tapered plug; the refractory cement was suspended 
from the steel top plate by means of anchor bolts embedded in the 
refractory. When the reactor was closed, the steel top plate was 
bolted to the steel shell which completely encapsulated the reactor. 
Tlie gas distributor spider, shown in Figure 27, was made from 
type 316 stainless steel, and was comprised of eight 1/2 in. O.D. 
tubes arranged radially around a central plenum chamber. Two 
1/16 in. holes were drilled in each arm; one was located 1/2 in. from 
the closed end near the reactor wall, and the other was located 
1/2 in. from the plenum chamber. The holes were on the underside of 
I-Mgiire 26. Detailed drawing of the electrofluid reactor. 
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Figure 27. Gas distributor spider, showing the principal dimensions 
and the location of steam holes in the arms. 
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the tube to prevent fines from falling into the holes. This arrange­
ment provided eight holes spaced 45° apart 1-1/2 in. from the reactor 
wall, and eight holes spaced 45° apart at a distance of 4 in. from 
the reactor wall. 
The free space around the gas distributor was filled with 3/8 in. 
alumina balls to a level even with the top of the plenum chamber. An 
additional layer of 1/4 in. alumina balls 5 in. deep protected the gas 
distributor spider from damage by heat and electrical short circuit. 
The 1/4 in. size balls were separated from the 3/8 in. size alumina 
balls by a layer of fiberfrax fiber which prevented coal char from 
sifting down to the gas distributor. 
The electrodes for carrying electric power into the reactor entered 
through the top of the reactor, and were electrically insulated from 
the steel shell. The reactor wall was grounded by means of a copper 
cable connected to the grounded reactor shell and an annulus of powder 
graphite packed against the outside of the Crystalon tube. A thermo­
couple well was provided for three chromel-alumel thermocouples which 
measured the bed temperatures; the first was located approximately 1 in. 
above the surface of the alumina balls, and the second and third were 
located 5 in. and 10 in. above the surface of the alumina balls, 
-1 iTol o T.TQI 1 T.ïoo fvAm o 1 / *? *1 n T Tl 
Stee l  Cube which was shielded by a quartz tube to electrically isolate 
the thermocouple well from the fluidized bed. 
Excess coal char was removed from the reactor by means of the 
overflow tube which was made from a 1 in. I.D. mild steel pipe. The 
121 
overflow tube entered just above the top of the crystalon tube, and pro­
jected downward at a steep angle, discharging into a detachable canister. 
The arrangement of the electrodes and the method of holding the 
silicon carbide electrodes are shown in Figure 28. The electrodes were 
placed on radii spaced 120° apart, the distance from the center of the 
reactor to the electrode center was 2-1/2 in., and the center-to-center 
distance between any pair of electrodes was 4-1/4 in. The radial 
distance from any electrode center to the reactor wall was 3-1/2 in. 
The silicon carbide electrodes were made from 'cold end stock' for 
'Hot Rod' heating elements supplied by the Norton Company. A small 
flat was cut 1 in. from the end with a diamond saw, with the flat being 
approximately 1/4 in. deep. The electrode was then inserted into 
the holder and the cap screw turned in until it engaged the flat. 
The electrode was then supported by the cap screw. This method was 
satisfactory, with breakage in the holder occurring only very rarely. 
The free space above the electrode was filled with powdered 
graphite which was tamped down to make electrical contact with the 
silicon carbide. When steel was used for the electrode, a hole was 
drilled and threaded into the top of the electrode so that it could 
be fastened directly to the 1/4 in. pipe supporting the electrode. 
The 1/4 in. pipe passed upwards to the electrode mount shown in 
Figure 29. The electrode mounts provided the capability of moving 
tlie electrodes up or down through a maximum travel range of approximately 
7 in. Tlu? method of maintaining the electrical isolation of the 
olcctrades is also shown; the mounts were set in refractory cement 
and sealed as shown to make the assembly gas tight. The mounts were 
Figure 28. Top down view of the arran{;(iment of the electrodes and thermocouple well (right). 
Electrode holder for silicon carbide electrodes (left). 
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equipped with water cooling to prevent damage to the '0' rings. The 
power supply was connected by means of woven aluminum straps attached 
by spring clamps to the top of the mounts. 
Power Supply 
A schematic drawing of the power supply is shown in Figure 30. 
Three auto transformers were connected to each phase of electric power, 
and by means of three-pole switches, the line-to-ground voltage sup­
plied to each of the variable transformers could be changed from llOV AC 
to 208V AC. The variable transformers provided independent control 
of each phase of electric power. In the 'low voltage mode,' the line-
to -ground voltage in any phase could be varied continuously from 0 to 
150 V AC, and in the 'high voltage mode,' the line-to-ground voltage 
in any phase could be varied continuously from 0 to 300V AC. The 
choice of operating mode depended upon the interelectrode resistance 
of the heating circuit. If the interelectrode resistance was lowj 
high currents were required to obtain sufficient power input to main­
tain reactor temperatures; since the maximum current allowed by the 
circuit breakers in the service distribution panel was 60 amperes, the 
'low voltage mode' which connected directly to the three phase service 
lines was used. When operating in the high voltage mode, a line current 
of 30 amperes through the variable transformers corresponded to a line 
current of 60 amps at the service distribution panel. The 'high voltage 
mode' was used when the interelectrode resistance was high, and adequate 
Figure 30. Schematic diagram of three phase power supply. 
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power Input to the reactor could be achieved at relatively low line 
currents. 
Operating Procedure 
The coal chars as received consisted of a wide range of particle 
sizes, and often, a large amount of fines. The chars were first screened, 
reserving all material which passed a size 20 Tyler mesh size but was 
retained on a size 100 Tyler mesh size screen. The oversize and undersize 
were discarded. A screen analysis and proximate analysis were then made 
on both the starting bed and the feed char. The starting bed was 
usually made up of the residue remaining from the previous run mixed 
with fresh char to obtain a sufficient volume for the starting bed. 
Fresh char was not used because of its high electrical resistivity. 
The reactor was then prepared and the electrodes mounted in 
position, after which the reactor was closed and sealed. The starting 
3 
bed was than poured in through the sight port, using 1 ft of starting 
bed material. The hopper of the screw feeder was then filled with 
a weighed amount of char, and the feed rate set to the desired value. 
The feeder was then closed, sealed, and connected to the reactor. 
The feed tube was wound with an electrical heating tape. While 
operating, the feed tube was heated to prevent steam from condensing 
and causing a block in the feed system. 
The reactor was preheated by passing a small electric current 
through the static bed of coal char. A small stream of natural gas 
was passed through the superheater set at an exit temperature of 
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approximately 1000°F to provide additional heating. The preheating 
was continued until the reactor temperatures were in the vicinity of 
700°F, although successful start-ups were made from temperatures as 
low as 500°F. 
The flow of natural gas was then stopped, and the gasification 
with steam started. A high feed steam rate on the order of 15-20 Ib/hr 
was used at start-up in order to fluidize the bed. As the temperatures 
increased, the steam flow rate would be reduced to an operating value 
of from 8 to 12 Ib/hr. Tlie bed was deemed to be well fluidized when 
the top two thermocouples read approximately the same temperature. 
When the desired operating temperature was reached, the power supply 
controls were monitored to maintain the bed temperatures at the de­
sired values. Char feeding and withdrawal were then started. 
As the run progressed, the following data were recorded: 
1. the time of observation. 
2. the bed temperatures. 
3. room temperature. 
4. the temperature of the gases emerging from the chiller. 
5. the temperature of the gases passing through the gas meter. 
6. the pressure drop across the heat exchangers. 
7. the off-gas rate, in CFM, 
8. the cumulative amount of gas produced. 
9. the feed steam rate, in cc of water per min 
10. the inches of water in the reservoir used in the previous 
hour, 
11. the grams of condensate collected in the previous hour. 
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12. grams of coal char fed in the previous hour, 
13. grams of char overflow collected in the previous hour, 
14. grams of fines collected from the hot cyclone in the 
previous hour, 
15. the line-to-ground voltage in each phase of electric power, 
16. the kilowatt hours used per phase in the previous hour, 
17. the length of electrode immersed in the bed, 
18. notes on the conduct of the run, such as changes in feed 
steam rate, changes in the power supply settings, or any un­
usual condition, since these would not be obvious from the 
normal laboratory record which contained only the hourly 
observations. 
The run was continued in this manner awaiting the development of a 
steady state operation. 
When a run was ended, the terminal readings of the operating 
variables were made. The power and feed steam were then turned off, 
and the reactor allowed to cool to room temperature. As the reactor 
cooled, gases would continue to evolve, so that condensation and gas 
metering were continued for an additional 12 to 24 hr. The amounts 
of condensate and gas collected during this period were small. About 
tliree days were required for the reactor to cool to room temperature 
at which time the reactor was opened. 
Upon opening, the reactor was examined, noting any damage to the 
reactor and the condition of the electrodes. The height of the final 
static bed was noted; layers of char were then removed by means of a 
vacuum cleaner. Samples of the top, middle, and bottom of the bed were 
132 
collected and reserved for analysis. The alumina balls were also 
removed by means of the vacuum cleaner, and the char in the inter­
stitial spaces recovered by screening. The feed char remaining in the 
hopper was weighed, and the total amount of char used in the run 
calculated by difference. The heat exchanger flushings were filtered 
to recover the char fines, which were dried and weighed. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
Reactor Operations 
Tn all, 72 coal char gasification runs were made with the equipment; 
;i simmiary of the objectives and results of Runs 28 through 72 is shown 
in Table 6. The summary and results of Runs 1 through 27 are presented 
elsewhere (3). The original reactor was constructed to operate with a 
fluidized bed 12 in. in diameter and 12 in. deep, and was fitted with 
porous ceramic filters to prevent fines eluted from the bed from being 
carried over into the off-gas drying and metering train. These filters 
would slowly become plugged with coal char fines, limiting operating 
time. No satisfactory method of cleaning the filters was developed. 
The reactor in this form was operated under a variety of conditions 
for a total of 34 runs. 
The reactor was then enlarged to operate with a fluidized bed 
18 in. deep, and the upper section changed to acconmodate three 
electrically isolated electrodes which were nsjvable and independent 
of each other. The revised reactor was operated with the three 
electrodes ganged to a single phase of electric power in a series of 
runs lasting from Run 35 through Run 40. These runs uncovered some 
equipment deficiencies which were corrected by further equipment 
modifications. 
The deeper bed was more difficult to fluidize, and required high 
initial feed steam rates; these steam rates at times imposed such a 
load on Che heating system that the reactor temperatures actually 
decreased. A steam superheater was then added to the equipment train 
134 
Table 6. Reactor runs: objectives and results 
Run No. 
date Objectives of run Results 
28 
8-4-69 
Evaluate performance of 1 in. 
D. silicone carbide electrode 
in batch run at 1700°? 
Operated 5 hr in vicinity of 
1700°?. Performance of 
electrode satisfactory; 
glassy matrix found covering 
the end of the electrode. 
29 
10-22-69 
Evaluate performance of fused 
silica shield for TC well; 
also evaluate ceramic non­
conducting tip on 1-7/8 in. 
O.D. mild steel electrode. 
Tip of electrode melted off; 
silica shield found satis­
factory for TC well. Ceramic 
tip did not prevent over­
heating at electrode tip. 
Ran 5 hr to 1500°F. 
30 
11-24-69 
31 
12-6-69 
Evaluate performance of FMC-4 
char using 1 in. O.D. silicone 
carbide electrode. 
Evaluate 2-1/2 in. O.D. CH 238 
silicone carbide electrode. 
Much difficulty in start-up 
due to high resistivity of 
char; operation brought to 
1700°F in 8 hr and con­
tinued 3 hr at 1700°? as a 
batch operation. 
Silicone carbide CH 238 non­
conducting; dry gas meter 
failed and off gas line 
plugged with frozen conden­
sate. After repairs, 1 in. 
O.D. 'hot rod' electrode sub­
stituted, and reactor oper­
ated for 12 hr at 1800°F 
on batch basis. Ash found 
covering tip of electrode at 
end of run. 
32 
12-27-69 
Operate reactor continuously 
at 1700°F using 1 in. O.D. 
A £  a 1 o 
No operational difficulties; 
operated 13 hr at 1700OF with 
continuous addition and with­
drawal of solids. Total 
interelectrode resistance in­
creased slowly throughout the 
run. 
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Table 6. (Continued) 
Run No. 
date Objectives of run Results 
33 
3-4-70 
Measure effect of electrode 
immersion on total inter-
electrode resistance at 1700°F 
using 1 in. O.D. silicone 
carbide electrode. 
Successful run; 6 hr of 
operation in vicinity of 
1700°F after start-up. stat­
istical analysis of data 
showed possible current path 
to bottom of reactor as well 
as to walls. 
34 
3-20-70 
Replication of Run 33. Aborted; electrode dropped 
from mount 1-1/2 hr after 
start-up, breaking electrical 
contact. 
35 
6-13-70 
Start-up of rebuilt reactor 
using 3 ganged 1 in. O.D. 
silicone carbide electrodes. 
Fluidization poor, bed tempera­
tures not uniform; run ended 
after 7 hr of operation. Ash 
deposits found on electrode 
tips. 
36 
7-2-70 
Evaluate performance with gas 
distributor constructed to 
prevent current flow through 
bed bottom. 
Temperatures indicated by 
thermocouples did not agree 
with appearance of bed; bed 
top was at red heat although 
maximum thermocouple reading 
was 1200°F. 
37 
7-16-70 
Evaluate steam superheater to 
lighten load on electrical 
prwer supply. 
Operated 11-1/2 hr, with 
solids feeding and withdrawal 
for 5 hr. Maximum tempera­
ture of 1400°F. Off-gas heat 
exchangers plugged with fines. 
Ash deposits on electrode 
tips. 
JO Evaluate enlarged steam 
7-27-70 superheater. 
Operated 10 hr; temperatures 
indicated by thermocouples 
did not agree with appearance 
of bed. Off-gas heat ex­
changers blocked with fines 
eluted from the bed. 
Table 6. (Continued) 
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Run No. 
date Objectives of run Results 
_ 39 Operate reactor continuously 
8-4-70 at 1900OF. 
Diffuculty in heating reactor; 
large accumulation of con­
densed steam removed. Oper­
ated 10 hr, with maximum 
temperature of 1800°F at­
tained. Off-gas heat ex­
changer blocked with fines 
eluted from the bed. Ash 
deposits on tips of elec­
trodes. 
40 
8-17-70 
41 
10-15-70 
42 
11-7-70 
Evaluate hot cyclone to re­
move fines from off-gas; 
operate continuously at 
1900°F. 
Test operation of 3-phase 
power supply and new char 
feeder. 
Evaluate shallow starting 
bed; operate continuously at 
1900°F. 
43 Operate continuously at 
11-30-70 1900OF 
Operated 13 hr. Large ac­
cumulation of condensate re­
moved from reactor; bed 
tenq)eratures not uniform; 
off-gas heat exchangers 
blocked with fines bypassing 
hot cyclone. 
Operated 12 hr with maximum 
temperature of 1900°F. Ash 
deposits found on electrode 
tips. Operation of 3-phase 
power supply satisfactory. 
Operated 7 hr, with maximum 
temperature of 1900°F. Screw 
in feeder sheared off; bed 
depleted, and power input 
faded bringing run to end. 
Operated 12 hr, maximum 
temperature of 1900°F, but 
bed temperatures not uniform. 
Lid blown off feeder in small 
explosion. Much difficulty 
with off-gas heat exchangers 
plugging with fines bypassing 
cyclone. 
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6. (Continued) 
Run No. 
date Objectives of run Results 
44 
12-15-70 
Operate continuously at 1900°F; Operated 14 hr at uniform bed 
45 
12-29-70 
46 
3-1-71 
evaluate flushing device for 
removing fines blocking off-
gas heat exchangers. 
1900°F; Operate continuously at 
test operation of power sup­
ply for pressure of har­
monics. 
Operate reactor continuously 
at 1900°F; evaluate parallel 
off-gas heat exchangers 
equipped with flushing 
syringes, also examine opera­
tion of power supply for har­
monic voltages. 
temperatures of 1900°F. 
Solids fed and withdrawn for 
8 hr. Number 3 electrode 
dropped from mount limiting 
operation to two phases of 
power supply. 
Operated 9 hr with uniform bed 
temperatures of 1900®F. 
Solids fed and withdrawn for 
8 hr. Small harmonic content 
found in current signal. 
Electrode tips free of ash 
deposits. 
Operated 15 hr with uniform 
bed temperatures of 1900°F. 
Solids feeding and withdrawal 
for 10 hr. Small third har­
monic found, no other signif­
icant harmonics. Overflow 
tube plugged, causing bed to 
overfill. 
47 
4-7-71 
Operate reactor continuously 
at 1900°F, test operation of 
power supply for presence of 
harmonics. 
Operated 14 hr with solids 
feeding and withdrawal for 
12 hr. Uniform bed tempera­
tures of 1900°F. Number 3 
electrode dropped from mount. 
Power input faded causing bed 
temperature to drop in last 
hour. 
48 
5-15-71 
Evaluate performance using 
large particle sizes (28 mesh 
size). 
Aborted; TC well burned off 
in short circuit. 
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Table 6. (Continued) 
Run No. 
date Objectives of run Results 
49 
6-8-71 
50 
6-19-71 
Operate reactor continuously 
at 1900°F. Also, additional 
tests for harmonics. 
Operate reactor continuously 
at 1900°?. 
Operated 13 hr with solids 
feeding and withdrawal for 
11 hr. Number 2 electrode 
burned off during run. Bed 
overfilled, overflow tube too 
small for char feed rate used. 
Operated 12 hr, with solids 
feeding and withdrawal for 
8 hr. Two electrodes burned 
off, bed overfilled. 
51 Operate continuously at 
9-4-71 1900OF. 
Operated 11-1/2 hr, with solids 
feeding and withdrawal for 
10 hr. Interelectrode 
resistance high, limiting 
power input. Maximum tempera­
ture of 1900°? attained, but 
operating temperatures declined 
as power input faded. Over­
flow tube melted. 
52 Operate continuously at 
9-25-72 1900°F. 
Operated 8 hr. Interelectrode 
resistance high, fluidization 
poor. Reactor walls found to 
be cracked after the run. 
53 Operate continuously at 
10-16-71 1900°F; electrodes cleaned by 
grinding off slug deposits. 
Electrode immersion fixed at 
10 in. 
Operated 11 hr, with feeding 
and withdrawal of solids. Bed 
temperatures nonuniform, inter­
electrode resistance high. 
Slag deposits found on electrode 
tips at end of run. Reactor 
walls cracked. 
54 
11-10-71 
Replication of Run 53. Operated 14 hr, with feeding 
and withdrawal of solids. Bed 
temperatures nonuniform; inter­
electrode resistance high, 
limiting power input to the 
reactor. Slag deposits found 
on elcctrode tips at the end 
of the run. 
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Table 6. (Continued) 
Run No. 
date Objectives of run Results 
55 Operate continuously at 
12-4-71 1900°F; electrode immersion 
fixed at 15 in. 
Operated 8 hr, with uniform 
bed temperatures in the 
vicinity of 1700°F being at­
tained. Power input faded 
due to high interelectrode 
resistance. Electrode tips 
covered with slag at end of 
run. 
56 
12-18-71 
Replication of Run 55. 
57 
3-3-72 
58 
3-18-72 
59 
4-15-72 
Evaluate larger 1-1/2 in. O.D. 
silicon carbide electrodes. 
Immersion fixed at 15 in. 
Evaluate performance of Run 57 
electrodes reinstalled, but 
not cleaned. 
Evaluate the effect of adding 
graphite to starting bed and 
feed. 
Operated 11 hr, with uniform 
bed temperatures in the 
vicinity of 1500°F being at­
tained. Interelectrode 
resistance high; run ended 
when power input faded. 
Slag deposits found on 
electrode tips at end of run. 
Operated 15 hr, with solids 
feeding and withdrawal for 
10 hr. Bed temperatures 
steady in the vicinity of 1600-
1700°F. Power input faded 
slightly, electrode tips 
found to be covered with a 
coating of sintered char. 
Aborted, much difficulty with 
short circuits. Size of 
sintered char deposits in­
creased. 
Operated 10 hr, bed tempera­
tures in the vicinity of 
1800°F attained. Electrical 
system erratic late in run, 
with much trouble with short 
circuits. Electrode tips 
covered with slag. 
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Table 6. (Continued) 
Run No. 
date Objectives of run Results 
60 Evaluate the effects of adding 
4-24-72 graphite to the starting bed 
and feed. Also, evaluate non­
conducting shield around lower 
wall to limit current flow to 
between phases. 
Operated 14 hr, with bed 
temperatures in the vicinity 
of 1800°F. Solids feeding 
and withdrawal for 12 hr. 
Sintered deposits found on 
electrode tips as well as 
bridges of sintered material 
to wall. 
61 Evaluate 6-in. high noncon-
6-10-72 ducting collar around lower 
reactor wall to limit current 
flow to between phases. 
Operated 6 hr. Run aborted 
because of erratic operation, 
Reactor walls found to be 
badly cracked, causing poor 
fluidization. 
62 Evaluate 6 in. high noncon-
6-20-72 ducting collar around lower 
reactor walls, and also wye 
shaped firebrick current 
shield to isolate electrode 
tips. 
Operated 7 hr. Run aborted 
because of poor fluidization, 
repairs of cracks in walls 
not adequate. 
63 Installed type 302 stainless 
6-30-72 steel liner to block cracks in 
O 1 m ^ 62 .  
Operated 10 hr with 6 hr of 
solids feeding and withdrawal. 
cuits in last hour of opera­
tion. Wye baffle damaged, 
hole burned in liner, slag 
found on electrode tips. 
64 Evaluate type 316 stainless 
7-18-72 steel electrodes, with wye 
baffle and shield. 
Operated 8-1/2 hr. Run 
aborted when No. 2 electrode 
tip melted off. Shield 
Aarcx^o^A Kv melrine. 
65 Evaluate 1.66 in. O.D. type 
8-8-72 316 stainless steel electrodes 
set at 12 in. immersion. At­
tempt to measure electrode tip 
temperature. 
Operated 6 hr. Electrical 
system balanced; power input 
faded. Electrodes covered 
with layer of sintered char. 
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Table 6. (Continued) 
Run No. 
date Objectives of run Results 
66 
8-21-72 
Replication of Run 65. Operated 6 hr. Run ended 
when power input faded; 
electrode tips covered with 
sintered char. 
67 Evaluate 1.90 in. O.D. mild 
9-2-27 steel electrodes set at 15 in. 
immersion. 
Operated 6 hr. Run ended 
when power input faded; 
electrode tips covered with 
sintered char. 
68 
9-14-72 
69 
9-30-72 
70 
11-17-72 
Evaluate effect of low steam 
velocity on slag formation. 
Replication of Run 68. 
Evaluate 1.9 in. O.D. 
perforated electrodes. 
Operated 9-1/2 hr. Run ended 
when No. 2 electrode burned 
through. Sintered char 
deposits not as severe. Mild 
steel attacked by reaction 
environment causing scaling. 
Operated 9-1/2 hr. Feed water 
pumps jammed. Number 2 
electrode burned through 
bringing run to an end. 
Operated 9 hr. Power input 
faded, run ended; electrode 
tips found to be covered 
with sintered char. 
71 
12-14-72 
72 
12-29-72 
Evaluate char from Illinois 
No. 6 coal. Electrodes same 
as in Run 70. 
Replication of Run 71. 
Operated 8 hr. Inter-
electrode resistance increased 
throughout run, with power 
input fading. Electrode tips 
found to be coated with sin­
tered char which was 89% ash. 
Operated 4 hr. Run aborted 
because of poor fluidization. 
Gas distributor is in need 
of repair. 
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to reduce the load on the electrical heating system. In the first few 
runs with the revised reactor, it became apparent that the disentrain-
ment of particulate matter from the off-gas stream above the fluidized 
bed was incomplete, and that a cyclone was necessary to prevent fines 
from being carried over into the off-gas heat exchangers. The cyclone 
did not completely remove the fines, however, and fines bypassing the 
cyclone were found to block the heat exchanger after several hours of 
operation. To correct this, the system was enlarged by installing a 
second set of off-gas heat exchangers in parallel with the first. Both 
sets of heat exchangers were equipped with flushing syringes to remove 
accumulated fines adhering to the walls. These modifications were 
completed with Run 46. The three phase power supply was completed, 
and was used in Run 41 and all subsequent runs. Higher power input 
levels were then possible, and the first operation with uniform bed 
temperatures in a deep bed was realized using the three phase power 
supply. 
The reactor was then capable of being operated for long periods 
of time. When long runs were attempted, however, the total inter-
electrode resistance was observed to slowly increase, and the power 
input slowly faded to where it was not possible to sustain the operation 
at the desired operating temperatures. This was found to be due to 
deposits of slag and sintered char which formed on the electrodes and 
blocked current flow, lowering power input to the reactor to inoperable 
levels. 
Tn Runs 59 and 60, graphite granules were added to the starting 
bed and feed char to determine if the addition of a more conducting 
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material would lower the contact resistance at the electrodes shifting 
the dissipation of heat away from the electrode-fluidized bed inter­
faces into the bulk of the fluidized bed. The total interelectrode 
resistance was found to be reduced, but deposits similar to those 
formed in previous runs were found on the electrodes after these two 
runs. 
The deposits formed on the tips of the electrodes where the current 
density was large. To reduce the current density at the surface of 
the electrodes, the 1 in. O.D. diameter electrodes were replaced with 
1.5 in. O.D. electrodes. The slag deposits were found to form more 
slowly. In a sustained operation the slag deposits partially blocked 
current flow, increasing the total interelectrode resistance, as before. 
To further reduce the current density in the vicinity of the electrode 
tips, nonconducting shields made from fiberfrax paper and firebrick 
were installed around the lower reactor wall and between the tips of 
the electrodes. This was not completely successful in eliminating the 
formation of slag deposits on the electrodes. The nonconducting 
shields were investigated in Runs 60 through 64. 
In the next phase of the investigation, cooled electrodes made 
from type 316 stainless steel were used. These electrodes were made 
frcTT. I in. pips; the lower end was closed by a steel niate welded to 
the bottom. A stream of air introduced through a copper tube inserted 
from the top played over the bottom interior surface, cooling the 
lower end of the electrode. These electrodes were used in Runs 64 and 
65. Deposits of sintered char were found on the electrodes at the 
conclusion of both of these runs. 
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In Runs 67, 68, and 69, a second set of air cooled electrodes 
were used in which the outside diameter was increased to 1.90 in. 
Sintered char deposits were found on these electrodes which were 
similar to the coatings formed on the electrodes used in Runs 64 and 
65. A final set of electrodes were made from 1.90 in. O.D. mild steel 
pipe in which the electrode walls were perforated with 1/2 in. D. 
holes to determine if the change in gas flow around the electrode 
surface caused by the holes would affect the formation of the sintered 
char coating. These electrodes were similar to a large, 3-3/4 in. D. 
electrode used in earlier runs (3). These electrodes were used in 
tlic last four runs of the investigation, with sintered char deposits 
being found on the electrodes at the conclusion of each of these runs. 
The effect of changing from Bear char to a char prepared from 
Illinois No. 6 coal was then investigated in Runs 71 and 72. Sintered 
char deposits were found at the conclusion of these two runs, showing 
that the difference in composition between Bear char and the Illinois 
No. 6 char was not great enough to affect the formation of deposits on 
the electrodes. 
Typical Reactor Operation 
The operating conditions for several runs are shown in Figures 31, 
32, 33, and 34. These plots show the bed temperatures during the 
runs, the hourly power consumption, off-gas rate and feed steam rate. 
The calculated mass of material and the carbon content of the bed are 
shown as grams of char and grams of carbon; the amount of char removed 
Figure 31. Hourly operating conditions during Run 44. 
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as overflow in each hour of operation is also shown. Of these runs. 
Run 67 (Figure 34) will be discussed in more detail. 
The electrodes used in Run 67 were air cooled and had an outside 
diameter of 1.90 in. After preparing the reactor, the electrodes were 
fitted to the mounts, with the immersion set at 15 in. based on the 
distance from the top of the crystalon tube. The reactor was then 
closed, sealed, and charged with 1 ft^ of coal char comprised of the 
residue and overflow from Run 66. This quantity of char filled the 
reactor to a depth of 15 in., and was poured into the reactor through 
the sight port to avoid having to insert the electrodes into a static 
bed. The feed hopper was then filled with 50,000 grams of unused Bear 
char which had an average particle size of 0.006 in. The feeder was 
then set to deliver 3012 grams per hour of char to the reactor. 
The bed was preheated by passing a small electric current through 
the bed using a single phase of electric power; at the same time, a 
small stream of natural gas was passed through the super heater to 
raise its temperature from room temperature to approximately 1000°F. 
This gas stream was passed through the reactor to assist in the preheat 
and carry away any moisture that might be vaporized in the preheating 
process. This moisture was condensed and collected in the knockout 
dri~. With the bed temperatures in the vicinity of 700°F, the gasifica­
tion was started at 8:00 A.M. using an initial feed steam rate of ap­
proximately 10 Ib/hr. Initially, the interelectrode resistance was 
low, and the power supply was operated in the low voltage mode with 
line currents of approximately 30 amps in each phase. The voltages 
were unbalanced, and at less than 100 volts, line-to-ground, in each 
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phase. By 9:15, the bed temperatures had increased with the bed ap­
pearing to be well fluidized; the operation of the power supply 
became balanced. The feed steam rate was not changed throughout the 
run. As the run continued, the bed temperatures continued to rise. 
The operation of the power supply remained balanced. 
Solids feeding was started at 11:00 A.M. The interelectrode 
resistance, which had been increasing slowly, increased to where it 
was necessary to switch the power supply to the high voltage mode of 
operation to maintain the operating bed temperatures. As the run 
was continued, the total interelectrode resistance continued to in­
crease, and it was then concluded that slag deposits were forming on 
the electrodes. When it became apparent that the resistance was going 
to continue to increase and would eventually cause the power input to 
fade to where the reactor temperatures could not be maintained even 
at maximum voltage settings, the run was discontinued. This occurred 
at 4:00 P.M., 8 hours after start-up. 
During the run, the heat exchangers were flushed once every hour 
to remove the accumulation of fines. After the run, the char remaining 
in the feed hopper was weighed. By difference, it was found that 
18,012 grams of char had been used to operate the reactor, corresponding 
to an average feed rate of 3602 grams of char per hour. When the 
reactor was opened and examined, the electrodes were found to be 
covered with a coating of sintered char; photographs of the electrodes 
were taken after they had been raised from the reactor and were still 
attached to the mounts (Figure 35). The bed was emptied by means of a 
vacuum cleaner, and samples were taken of the top, middle, and bottom 
Figure 35. Electrodes after Run 67. 
Top photograph: Electrodes immediately after removal from 
the reactor. 
Bottom photograph: Close up showing deposits which formed 
on the electrodes during the run. 
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regions and reserved for further analysis. The char residue was then 
weighed. The alumina balls were removed, also by means of the vacuum 
cleaner; the char in the interstitial spaces was recovered by screening, 
and weighed. The char fines in the off-gas lines were removed by 
means of the vacuum cleaner, and weighed, with the weights of these 
materials being added to the weight of the final bed to complete the 
material balance. The final bed, which filled the reactor to a depth 
of 10 in., was found to contain 8969 grams of coal char residue. 
Experimental Results from Run 67 
The operating data taken during the run and quantities calculated 
from these data are shown in Tables 7a, 7b, and 7c. From the final 
bed weight, it appears that the length of time during which solids were 
fed and withdrawn was sufficient for two residence times so that at 
shutdown the operation was near steady state operation. The electrical 
data, shown xn Table 7c, show that the phases were reasonably balanced 
during the run, with approximately equal quantities of power being 
delivered by each phase. The off-gas composition data obtained during 
the run are shown in Table 8, on a steam free basis. The carbon 
monoxide content is consistent with a steam conversion on the order of 
60%. 
The relative velocities at the various thermocouple locations are 
shown in Table 9. These were calculated by taking the ratio of the 
mass velocity based on feed steam rate at the temperature indicated by 
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Table 7a. Operating data from Run 67 
Pressure 
ÙP at Off-•gas 
Temperature. °F® meter. CFM Cumm 
Time No. 1 No. 3 No. 5 Steam cm, hg CF 
8 A.M. 512 650 730 1070 0 0 0 
9 804 840 760 990 0.3 — 24 
10 1333 1338 897 980 0.3 0.486 46 
11 1441 1460 1002 970 0.6 2.425 164 
12 P.M. 1508 1520 1100 980 0.7 2.370 322 
1 1503 1520 1144 950 0.7 2.595 495 
2 1495 1512 1137 950 0.7 2.830 664 
3 1477 1499 1129 990 0.7 2.280 821 
4 1460 1472 1129 980 0.7 2.850 978 
Last 983 
Location of thermocouples : 
No. 1—10 in. above bottom 
No. 3—5 in. above bottom 
No. 5—1 in. above bottom 
Table 7b. Operating data from Run 67 
Char 
Steam Qms Gras Gms 
Temperature, Op Gas flow Feed Cms fed overflow cyclone 
Time No. 1 No. 3 No. 5 Steam SCFM» SCPb cc/min cond fines 
8 A.M. 512 650 730 1070 — 0 79.4 0 0 0 0 
9 804 840 760 990 - 21.3 79.4 254 0 0 0 
10 1333 1338 897 980 0.426 19.4 80.3 1944 0 0 0 
11 1491 1460 1002 970 2.137 103.7 83.1 3000 0 0 0 
12 P.M. 1508 1520 1100 980 2.090 139.3 83.1 3807 3602 8601 0 
1 1503 1520 1144 950 2.288 152.5 84.1 3428 3602 2499 0 
2 1495 1512 1137 950 2.491 148.9 84.1 3457 3602 2046 0 
3 1477 1499 1129 990 1.981 137.3 83.9 3046 3602 2078 0 
4 1460 1472 1129 980 2.463 136.0 82.6 3467 3602 2359 389 
Last 4.3 629 
^32°F, 1 atmosphere pressure. 
^Quantity delivered In previous hour. 
Table 7c. Operating data from Run 67, Electrical data 
Phase 1 Phase 2 Phase 3 
AC AC KWH Elec­ AC AC KWH Elec­ AC AC KWH Elec­
volts amps trode volts amps trode volts amps trode 
immer­ immer­ immer­
sion sion sion 
Time in. in. in. acwH 
8 A.M. 54 25 0 15 27 30 0 15 100 23 0 15 0 
9 47 27 1.10 15 20 36 1.66 15 95 28 2.43 15 5.19 
10 100 30 2.08 15 100 40 3.28 15 100 40 4.31 15 9.67 
11 135 22 3.22 15 135 22 3.35 15 135 30 4.50 15 11.07 
12 P.M. 200 14 2.93 15 200 10 2.34 15 200 10 2.89 15 6.16 
1 200 13 2.76 15 200 10 2.27 15 200 11 2.32 15 7.35 
2 210 11 2.53 15 21.0 12 2.34 15 210 11 2.27 15 7.14 
3 230 9 2.21 15 230 9 2.19 15 230 9 2.27 15 6.67 
4 260 9 2.37 15 260 8 2.06 15 260 8 2.16 15 6.59 
Table 8. Off-gas analyses for Run 67 
Volume percent 
Component 10:00 A.M. 11:00 A.M. 12:00 P.M. 1:00 P.M. 2:00 P.M. 3:00 P.M. 
CO2 13.6 11.1 17.4 15.8 16.6 17.5 
«2 49.0 53.0 53.5 51.3 50.3 55.7 
°2 3.4 4.2 1.8 2.5 2.9 1.8 
«2 13.1 17.9 7.2 11.8 10.6 6.8 
CH4 6.6 2.2 1.7 1.5 1.6 1.6 
CO 14.4 11.8 18.5 17.2 17.6 18.6 
Component 
Volume percent, air and methane free basis 
10:00 A.M. 11:00 A.M. 12:00 P.M. 1:00 P.M. 2:00 P.M. 3:00 P.M. 
CO 1 7 . 6  1 4 . 6  1 9 . 5  1 8 . 7  1 9 . 6  1 9 . 5  
H g  6 3 . 7  7 0 . 0  5 9 . 9  6 0 . 9  5 9 . 6  5 9 . 8  
C O  1 8 . 7  1 5 . 5  2 0 . 7  2 0 . 5  2 0 . 8  2 0 . 7  
Tal 
T 
8 
9 
10 
11 
12 
1 
2 
3 
4 
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Calculated relative velocity at thermocouple positions based 
on feed steam rate for Run 67 
No. 1 No. 3 No. 5 
10 in. above 5 in. above 1 in. above 
bottom bottom bottom 
2.7 3.5 4.0 
4.4 4.6 4.1 
8.4 8.4 4.8 
9.6 9.8 6.0 
10.3 10.4 6.7 
10.3 10.5 7.2 
10.3 10.4 7.1 
10.1 10.3 7.0 
9.8 9.9 6.9 
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the thermocouples and the minimum fluidization velocity calculated from 
Leva's (49) equation under the same conditions: 
"rel • (4°) 
mf 
where 
688D^-®''(p (p - p,))"-''' 
«mf - " ^8—^ <4» 
M-
2 
where G and G - are in Ib/hr ft , D is in inches, and the fluid density 
mt p 
3 
and the solid density are In lb/ft . The fluid density was 
taken to be steam at the temperature of the thermocouple, calculated 
3 
using the ideal gas law. The solid density was assumed to be 70 lb/ft , 
and the viscosity, obtained from tables of data, is in centipoises. 
This calculation Is only approximate, and does not take Into account 
the increase In gas flow due to converted steam. This figure, on the 
whole, was used as an index to measure the intensity of fluidization 
of the bed, with a fluidization velocity of 3.0 being regarded as 
marginal. In this run, the calculated fluidization velocity was on 
the order of 10, which would Indicate that the bed was well fluldlzed. 
In Table 10, the screen analysis, average particle size, bulk 
density and proximate analyses for the starting bed, final whole bed 
and fpod char are shown, along with the analyses made on the local 
bed samples. Tlie screen analyses of the bed show that the small particles 
tend to accumulate on the top of the bed, but that there does not ap­
pear to be any stratification over the rest of the bed. The sample of 
char removed from the top of the bed was also of a lower bulk density 
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Table 10. Screen analyses, average particle size and proximate analyses 
for Run 67 
Weight percent 
Tyler Starting Feed Final Final Final Whole 
screen bed bed bed bed final 
size top middle bottom bed 
28 12.0 8.9 4.2 9.3 13.0 5.3 
35 7.0 5.7 3.6 6.6 8.0 3.8 
45 19.3 13.1 10.2 16.5 19.8 12.8 
65 24.6 22.8 20.5 24.2 24.7 21.1 
80 5.3 4.5 4.2 5.0 4.9 5.3 
100 19.6 20.1 20.5 17.6 14.2 18.1 
Pan 12.0 25.5 36.8 20.9 15.4 33.8 
d^, in. 
f 
0.0079 0.0061 0.0051 0.0072 0.0077 O.OC 
Py, Ib/ft^ 37.5 38.1 29.5 31.8 34.0 31.2 
% Hg — — 1.81 0.9 1.6 1.0 
7o C 83.6 85.2 85.1 82.3 76.6 83.1 
7o ash 12.4 12.0 — — — 15.7 
7o moisture 
and vola­
tile mat­
ter 4.1 2.8 — — — 1 = 2 
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than the rest of the bed; the bulk density appears to increase slightly 
in going from the top of the bed to the bottom. On the whole, the 
final bed appears to be approximately homogeneous with respect to 
particle size and bulk density of the char. The carbon content of 
the sample from the bed bottom was less than the carbon content of 
the bulk of the bed; the reason for this is not known. 
The calculated bed inventory for the run is shown in Table 11. 
The values in the table are estimates of the mass of char and carbon 
in the bed at the times shown. These calculations were made by assuming 
that moisture and volatile matter were lost instantaneously to the 
off-gas stream, and that the bed was perfectly mixed. The calculations 
were made in the following steps: 
1. A running account of the weights of carbon, ash, and the 
sum of these two quantities was kept, starting with the 
beginning of the run, so that the weight of the bed, and the 
weigihts of carbon and ash present were known at the start of 
an hour. These quantities were increased by the weight of 
carbon and ash added to the reactor as feed during an hour 
of operation. 
2. The amount of carbon gasified during the hour of operation 
vas subtracted from the total mass of carbon present in 
the reactor. 
3. The mass fractions of carbon and ash were calculated from 
the current values of carbon and ash present. 
4. The weight of char overflow obtained during the hour was 
subtracted from the total weight of the bed, and the amounts 
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Table 11. Bed inventory for Run 67 
Qns Gms Calc % 
char carbon carbon 
Time in bed in bed in bed 
8 A.M. 16,337 14,230 87.11 
9 16,192 14,085 86.99 
10 16,059 13,953 86.88 
11 15,351 13,244 86.28 
12 P.M. 9,257 7,960 85.48 
1 9,174 7,843 85.44 
2 9,519 8,104 85.13 
3 9,962 8,463 84.95 
4 9,749 8,270 84.03 
Last 9,719 8,240 84.78 
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of carbon and ash removed In the overflow stream were sub­
tracted from the current values of the total weights of 
carbon and ash present in the reactor to obtain the estimate 
of the total bed weight and composition at the end of the 
hour. 
The residue remaining in the reactor at the end of Run 67 was 
found to weigh 8969 grams, and was 83.1% by weight carbon. These 
values compare favorably with the calculated final bed weight of 9719 grams 
and carbon content of 84.78% by.weight shown in Table 11. 
The steam inventory for the run is shown in Table 12. The values 
in the table compare the mass of steam fed during each hour of opera­
tion to that removed each hour as condensate or off-gas. Any dif­
ference in the total mass added and total mass removed was assumed to 
be due to steam condensing or vaporizing from the refractory insulation, 
shown as an accumulation. The weight of steam converted each hour 
was calculated from the volume and composition of the off-gas pro­
duced. The weight of the condensate was obtained by direct measure­
ment. As the run continued, the net accumulation increased, went 
through a maximum, and then began to decrease as the steam condensed 
in the insulation during start-up was vaporized and removed. Usually 
a run would be continued for a much longer time so that the net ac­
cumulation of steam was reduced to a small value. 
The material balances for the run are shown in Table 13. The 
char balance shows good agreement between the total weight of char 
entering the system and the total weight of char and converted carbon 
leaving the system. In both the steam balance and the overall balance. 
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Table 12. Steam inventory for Run 67 
Qns 
steam Gms Qns Z gms Gms 
Time fed converted converted out acc. 
8 A.M. 0 0 
9 4760 266 
10 4820 242 
11 4990 1299 
12 P.M. 5134 1744 
1 5194 1910 
2 5194 1864 
3 5184 1719 
4 5104 1703 
54 
0 0 0 
4 1020 4240 
1944 2186 6893 
3000 4299 7565 
3807 5551 7143 
3428 5338 7005 
3457 5321 6878 
3646 5365 6697 
3467 5170 6631 
629 683 5948 
177 
Table 13. Material balances for Run 67 
Char balance Weight, grams 
Char charged to reactor 17,000 
Char fed during run 18,010 
Total char in 35,040 
Moisture and volatile matter 1,414 
Carbon converted 5,891 
Char overflow 17,633 
Cyclone fines 383 
Char remaining in reactor 8,969 
Total char + converted carbon 34,290 
Steam balance 
Steam, moisture and volatile matter 41,074 
Steam converted 10,801 
Condensate collected 23,632 
Net accumulation 5,948 
Total steam in 40,381 
Overall balances 
Total mass in (steam and char) 74,700 
Total mass out (product gas, condensate and char) 69,055 
Net accumulation 5,948 
75,003 
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the total masses leaving the system are less than the total masses 
entering the system approximately by the amount of the net steam ac­
cumulation. Since the off-gas stream would contain both steam and 
gaseous products accruing from the net steam accumulation, the steam 
conversion calculations usually made were omitted. 
Principal Findings and Discussion 
Carbon-3team gasification kinetics 
The fraction of feed steam converted, inverse space velocity, 
specific gasification rate and specific steam rate were calculated 
for those portions of runs, where the bed temperature was constant, 
and the material balances were in good agreement. These data were 
then collected into sets according to temperature. In Figure 36, 
the variation of steam conversion with inverse space velocity at 
1700°F is shown together with the expected variation in steam conver­
sion with inverse space velocity calculated from equation (18) using 
the constants of May e^ a^. (52) for fluidized bed operation. The 
data scatters about the line, and the data from Run 25 form a horizontal 
line which crosses the line showing the expected variation of steam 
conversion with inverse space velocity, suggesting that the deviation 
from the expected value is ordered. 
The variation of specific gasification rate with specific steam 
rate at 1700°F is shown with the expected variation calculated from 
equation (18) and the product gas composition data in Figure 37. The 
data scatter about the line, with the data from Run 25 forming a line 
gure 36. Variation of steam conversion with inverse space velocity 
at 1700°?. 
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which crosses the calculated line showing there is some order in the 
deviation from the expected specific gasification rate. The variation 
of the steam conversion with inverse space velocity at 1900°F is shown 
in Figure 38, and the variation of specific gasification rate with 
specific steam rate is shown in Figure 39. At 1900°F, the experimental 
data fall below the expected values, and the data from Run 47 showing 
some order in the deviation from the expected values of steam conversion 
and specific gasification rate. 
The data from Run 25 and other runs were examined for a change in 
the reactivity of the coal char in the following manner: the ratio of 
the experimentally observed steam conversion to the expected steam 
conversion for each data point was calculated, and these values were 
plotted with operating time, which was the time from the start of the 
run in hours (Figure 40). From the figure, it can be seen that as 
operating time increased, the char increased in reactivity as measured 
by the ratio of the actual steam conversion to the expected steam 
conversion. This is consistent with the observation of Knowlton (43) 
who observed the reactivity of coal char to increase with carbon 
burn-off in the batch gasification of coal char. 
From this it was concluded that the use of equation (28) to model 
the steam gasification of coal char in a fluidized bed reactor is at 
best only approximate. The deviation of the experimentally observed 
steam conversions from the expected steam conversions are due to two 
kinds of effects; changes in the reactivity of the coal char, and 
effects due to the complex manner in which gas passes through fluidized 
bed reactors. These effects are confounded in the data here. 
Figure 38. Variation of steam conversion with inverse space velocity 
at 1900OF. 
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Power supply operating characteristics 
The electrical operating data for all runs were examined, and 
the data from several runs were selected as being typical of the 
manner in which the electrical heating system would operate both in 
single phase and three phase operation. The data taken during Run 40 
are shown in Table 14. In this run, three 1 in. O.D. diameter 'hot 
rod' cold end stock electrodes were ganged to a single phase of 
electric power to operate the reactor; ash deposits formed on the 
electrodes during the run. In the table, the time at which the data 
were taken is shown together with the operating voltage of the power 
supply and the current flowing as read from the AC ammeter mounted in 
the circuit. When operating, the current fluctuates about an average 
value, and the recorded ammeter reading is a visual estimate of this 
average. By observing the time required to complete several revolutions 
of the disk in the watt-hour meter, both the average current and power 
input in KVA can be calculated from a knowledge of the meter constant 
and the applied voltage. These quantities are shown in the columns 
headed 'calculated AC amps' and 'KVA.' The total interelectrode 
resistance was calculated from the calculated amperage, and the power 
consumed in the previous hour was also recorded. 
The visually observed current flow is in agreement with the 
calculated current flow, showing that there are no large inductive or 
capacitive effects. Lee e^ al. (48) and Knowlton (44) both observed 
the total interelectrode resistance to be current dependent, with the 
total interelectrode resistance decreasing with increasing current 
density; since the power factor is close to unity, it appears that the 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
7 
8 
9 
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Electrical data for single phase operation, using three 
1 in. O.D. S.C rods, ganged. Run 40 
Calc, 
AC AC AC R 
volts amps amps ohms KVA KWH 
86 12 12.3 6.9 1.06 0 
195 20 17.4 11.2 3.39 4.49 
176 23 25.3 7.0 4.45 4.70 
155 27 28.1 5.5 4.35 4.81 
150 33 33.5 4.5 5.03 4.23 
275 28 28.9 9.5 7.95 7.62 
275 27 28.7 9.6 7.80 7.53 
275 25 26.5 10.4 7.30 7.01 
275 33 34.3 8.0 9.44 9.66 
275 28 31.8 8.6 8.75 7.98 
276 25 25.8 10.7 7.11 7.70 
276 30 33.0 8,4 9.11 8.84 
260 27 31.2 8.3 8.11 8.93 
276 33 37.9 7.3 10.05 8.37 
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change in resistance observed by these authors was due to a change in 
the resistivity, and was not due to any inductive or capacitive effects. 
Data for three phase operation of the heating system in Runs 44 and 46 
are shown in Tables 15 and 16. In Run 44, the electrodes were three 
1 in. O.D. silicon carbide rods made from 'hot rod' cold end stock. 
During the start-up period, lasting from 9:00 A.M. through 2:00 P.M., the 
operating data were not taken, since during a start-up, the bed is not 
well fluidized and the phases often run out of balance. The data 
shown in Table 15 are similar to the quantities shown in Table 14, 
except that the calculations are made for each phase of power and the 
total interelectrode resistance is replaced by an 'equivalent impedance' 
which results from considering the three phase system to be connected 
in a wye configuration. 
The calculated current flows in each phase agree approximately with 
the visually observed average current flow, showing that there were no 
large capacitive or inductive effects. The maximum power input in this 
run was 11 KWH, somewhat more than the 9.7 KWH maximum power input 
used in Run 40. In Run 46, the electrodes were those used in Run 44 
cleaned by grinding off the slag deposits. An alternate start-up 
procedure was used in which only a single phase of electric power was 
used in the start-up portion of the run. In all three phases, the 
calculated current flow obtained from the watt-hour meter agrees ap­
proximately with the visually observed average current flow, again 
showing that there were no large inductive or capacitive effects. 
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Table 15. Electrical operating data from Run 44 
Phase I 
AC AC Calc. Eq. imp. KVA KWH 
volts amps AC Z, Q 
Time amps 
9 A.M. — — — — — 0 
10 — — — — — 2.42 
11 — — — — — 0.96 
12 P.M. — — — — — 0.54 
1 — — — — — 1.42 
2 — — — — — 2 .28  
3 180 30 29.4 6.1 5.31 2.36 
4 150 - 27.4 5.5 4.14 2.34 
5 140 15 17.2 8.1 2.39 3.56 
6 130 13 17.6 7.4 1.99 2.84 
7 140 15 16.0 8.7 2.24 2.62 
8 160 20 19.0 8.4 3.04 3.20 
9 160 20 21.6 7.4 3.44 3.40 
10 155 20 21.8 7.1 3.37 3.24 
11 210 25 26.0 8.1 5.46 5.52 
Table 15. (Continued) 
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Phase II 
AC AC Cale. Eq, imp. KVA KWH 
volts amps AC Z, Q 
Time amps 
9 A.M. 
10 
11 
12 P.M. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
100 
180 
150 
145 
130 
140 
150 
160 
155 
210 
30 
20 
10 
10 
15 
15 
20 
25 
25 
24.8 
21.6  
16.0 
12.2  
16.0 
17.8 
23.2 
22.4 
24.8 
7.3 
6.9 
9.1 
10.7 
8.7 
8.4 
6.9 
6.9 
8.5 
4.45 
3.23 
2.32 
1.57 
2.24 
2.65 
3.70 
3.47 
5.22 
0 
0.76 
2.46 
2.36 
3.04 
1.40 
4.12 
3.64 
3.24 
2.56 
2.64 
2.88 
3.40 
3.14 
5.18 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
7 
S 
9 
10 
11  
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(Continued) 
Phase HT 
AC AC Cale. Eq. imp. KVA KWH 
volts amps AC Z, Q 
amps 3CWH 
— — — — — 0 0 
— — — — — 1.30 4.48 
— — — — — 0 3.42 
— — — — — 1.90 4.80 
— — — — — 3.80 8.26 
— — — — — 4,82 8.50 
180 20 25.4 7.1 4.56 2.14 11.04 
150 - 29.2 5.1 4.38 4.24 10.22 
140 15 19.6 7.1 2.73 4.20 11.00 
130 15 15.0 8.7 1.95 1.30 6.70 
140 20 19.6 7.1 2.75 3.46 8.72 
145 15 19.0 7.6 2.75 3.20 9.28 
155 25 23.6 6.6 3.65 3.26 10.06 
155 25 22.6 6.9 3.52 3.38 9.76 
Down at 10:05 P.M. 0.04 10.74 
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Table 16. Electrical operating data from Run 46 
Phase I 
AC 
volts 
AC 
amps 
Time 
Calc. 
AC 
amps 
Eq. imp. 
z, n 
KVA KWH 
8 A.M. 
9 
10 
11 
12 P.M. 
1 
2 
3 
4 
5 
8 
9 
10 
11 
62 
190 
160 
130 
220 
170 
195 
180 
155 
140 
120 
135 
130 
125 
140 
30 
37 
30 
20 
18 
25 
23 
35 
35 
25 
30 
30 
30 
35 
35 
30.4 
36.3 
30.4 
20.2 
27.7 
30.4 
19.0 
35.0 
30.5 
26.3 
28.4 
31.7 
29.9 
32.2 
32.7 
2 .0  
5.2 
5.3 
6.4 
7.9 
5.6 
10.3 
5.1 
5.1 
5.3 
4.2 
4.3 
4.3 
3.9 
4.3 
1.89 
6.90 
4.87 
2 .62  
6.09 
5.16 
3.70 
6.29 
4.73 
3.68 
3.42 
4.29 
3.89 
4.01 
4.59 
0 
1.80 
5 42 
5.88 
1.38 
4.76 
4.62 
4.20 
4.56 
6 .26  
1.74 
3.44 
3.56 
3.56 
3.64 
3.86 
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Table 16. (Continued) 
Phase II 
AC AC Cale. Eq. imp. KVA KWH 
volts amps AC Z, u 
Time amps 
8 A.M. 0 0 0 - 0 0 
9 0 0 0 - 0 0 
10 0 0 0 - 0 0 
11 0 0 0 - 0 0 
12 P.M. 130 15 19.8 6.6 2.59 4.42 
1 220 18 29.3 7.5 6.46 3.88 
2 170 35 25.8 6.6 4.38 5.12 
3 195 23 20.7 9.4 4.05 4.50 
4 180 35 36.5 4.9 6.56 4.72 
5 155 35 33.1 4.7 5.14 4.50 
6 140 30 29.4 4.8 4.11 4.12 
7 120 30 31.1 3.9 3.73 3.96 
8 130 35 35.0 3.7 4.73 4.34 
9 130 35 33.4 3.9 4.35 4.04 
10 130 35 35.4 3.7 4.61 4.24 
11 140 40 36.3 3.5 5.08 4.34 
T: 
8 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
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(Continued) 
Phase III 
AC AC Cale. Eq. imp. KVA KWH 
volts amps AC Z, 0 
amps IKWH 
0 0 0 - 0 0 0 
00 0 0 - 0 0 1.80 
0 0 0 - 0 0 5.42 
0 0 0 - 0 0 5.88 
130 15 17.3 7.5 2.24 0.82 6.62 
220 18 32.0 6.9 7.05 3.56 12.20 
170 30 29.5 5.7 5.01 7.94 17.68 
195 23 19.3 10.1 3.76 2.24 10.94 
180 35 31.2 5.8 5.61 4.08 13.36 
155 30 25.0 6.2 4.41 3.82 14.58 
140 25 24.7 5.7 3.46 3.34 9.20 
120 25 26.4 4.5 3.17 3.32 10.72 
135 25 28.6 4.7 3.86 3.56 11.76 
128 25 28.2 5.1 3.61 3.18 10.78 
125 30 31.0 4.0 3.88 3.44 11.32 
150 10 8.8 17.1 1.31 0.96 9.16 
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Tests for harmonic currents 
The operation of the power supply was examined for the presence 
of harmonic currents using the instrumentation shown in Figure 41. 
Two current transformers were used to examine the current signal in 
both a single phase and in all three phases of the power supply. The 
current signals, obtained while the reactor was operating, were dis­
played on a dual beam oscilloscope and were compared with a reference 
signal obtained from a low frequency signal generator. In Figure 42, 
the current signal from a single phase of the electric power supply is 
displayed with a 60 hz reference signal. At the time of the observa­
tion, all three phases of the power supply were being used to operate 
the reactor and the phase examined was operating at a current flow of 
30 amperes, the line-to-ground voltage was 175 volts. The ordinate 
scale for the test signal was 0.2 volts/cm. There is only a slight 
amount of distortion, showing little if any harmonic content in the 
signal. 
In Figure 43, the current signal generated by passing all three 
phases through the current transformer is shown with a 60 hz reference 
signal. If the phases were perfectly balanced, the current signal 
would sum to zero at all times, and the oscilloscope signal would be 
a straight line. If the phases were out of balance, the current signals 
would sum in such a fashion that a 60 hz cycle would result, similar 
In appearance to the 60 hz reference signal. The test signal actually 
obtained is more complex, showing the presence of a harmonic current. 
At the time the observation was made, the power supply was operating 
at 150 volts line-to-ground in each phase with currents of 25, 20 and 
Figure 41. Test circuit for examining the power supply operation for the presence of harmonic 
currents. 
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Figure 42. Oscilloscope display of single phase current signal (top) 
compared with 60 hz reference signal (bottom). 
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Figure 43. Oscilloscope display of three phase current signal (top) 
compared with 60 hz reference signal (bottom). 
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25 amperes flowing in each phase, respectively. On the oscilloscope 
the ordinate was 0.010 volts/cm. The major components of the signal 
appear to be a 180 hz signal superimposed on a 60 hz signal. 
The test signal obtained by passing all three phases of the power 
supply through the current transformer is shown in Figure 44 with a 
180 hz reference signal. At the time of this observation, the power 
supply was operating with all three phases set at a line-to-ground 
voltage of 180 volts, and current flows of 35, 30 and 30 amperes in 
each phase, respectively. The appearance of the signal was not 
constant, but would shift as the phases drifted in and out of balance. 
The ordinate scale in Figure 44 was 0.010 volts/cm. Comparing the 
magnitude of the harmonic signal shown in Figure 43 with the magnitude 
of the single phase signal shown in Figure 42, the 180 hz signal 
comprises approximately 2-1/2% of the magnitude of the single phase 
current signal. There do not appear to be other harmonics present 
in any appreciable amount. 
Calculation of total interelectrode resistance 
Equation (8) was rearranged from 
"c - + «C2 + Bb (S) 
to 
"cl + «22 = «t - (42) 
and substitutions for the contact resistances made using the model 
of equation (7), 
Figure 44. Oscilloscope display of three phase current signal (top) 
compared with 180 hz reference signal (bottom). 
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R = p/A (7) 
c c 
to obtain, 
(43) 
The data from Runs 25 and 27 were used in equation (43) to obtain 
estimates of the surface resistivities of mild steel and Crystalon 63 
silicon carbide. The diameter of the electrode used in Run 25 was 
3-3/4 in. O.D. and the diameter of the electrode used in Run 27 was 
1-3/4 in. O.D. The average electrode immersion was known, as well as 
the average total interelectrode resistance. Values for R^ were then 
calculated from the correlations given by equation (33). Smith (65) 
found the volume resistivity of fluidized coal char to be 30 ohm-in. 
or less at 1500°F, and this value was taken as a reasonable approxima­
tion of the volume resistivity of fluidized coal char at elevated 
temperatures. 
The resulting substitutions resulted in two equations in two 
unknowns, which were solved to obtain estimates for the surface 
2 2 
resistivities of 568 ohm-in. and 7390 ohm-in. for mild steel and 
Crystalon 63, respectively. Using this estimate for the surface 
resistivity of Crystalon 63, the data of Run 33 were then used to 
estimate the surface resistivity of silicon carbide 'hot rod' cold 
2 
end stock, obtaining a value of 287 ohm-in. . These values were 
then used to construct estimates of the total interelectrode resistance 
for a number of cases where the experimentally observed resistance was 
known. These calculations are summarized in Table 17, 
Table 17. Estimates of total interelectrode resistance compared with experimentally observed 
values 
Reac tor 
CE «h 
A 
R 
cw 
Expected total Total 
interelectrode interelectrode 
resistance, 0 resistance. 
Observed construction 
materials 
Center 
electrode(s) 
Wall 
4 in. I.D. reactor Neg. 1.0 2.3 
built by Knowlton 
(43), Run 7 
12 in. I.D. reactor 
Run 56 
Run 57 
Run 66 
Run 67 
6.6 1.7^ Assumed 
noncond. 
4.3 1.4 Assumed 
noncond. 
9.9 1.5 Assumed 
noncond. 
6.8 0.8 Assumed 
noncond. 
Reactor built by 
IGT, Lee et al. (48) 2.0 0.2 0.5 
3.3 
8.3 
5.7 
11.4 
7.6 
2.7 
6-8 
Carbon 446 
stainless 
steel 
1 in. SiC Crystalon 63 
2.9-9.3 1.5 in. SiC Crystalon 63 
4,3-4.8 1.66 in. SS Crystalon 63 
4.5-6.1 1.90 in. Crystalon 63 
,mild steel 
Stainless Stainless 
steel steel 
Converted to wye connected load. 
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From Table 17, it can be seen that the largest component of the 
total interelectrode resistance is the contact resistance, showing 
that the bulk of the power input to the reactor is dissipated at the 
fluidized bed-electrode interfaces. This method of estimation, how­
ever, gives only approximate values. The model given here is crude, 
and neglects the effect of the fluidization variables and electrical 
variables on the components of the" interelectrode resistance; the 
method of estimation does appear capable of an order-of-magnitude 
estimate, however. 
Electrode fouling 
After the equipment had been improved to where long runs were 
possible, it was found that in a sustained operation, slag would 
deposit on the electrode surfaces. This coating would limit current 
flow, and would continue to grow until current flow was limited to 
where it was not possible to continue operating the reactor. The 
formation of slag was associated with high current density at the 
electrode tips due to distortion of the electrical field, and also 
with the effects of contact resistance coupled with high current 
density. The electrode diameters were increased, and the electrode 
inmersion increased to decrease both the contact resistance and 
current density at the electrode surface. In Run 56, three 1 in. 
O.D. silicon carbide 'hot rod' cold end stock electrodes were used at 
a fixed immersion of 15 in. measured from the top of the Crystalon 63 
tube. From the operating data (Table 18), it can be seen that the 
total interelectrode resistance increased uniformly throughout the run. 
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Table 18. Electrical operating data for Run 56 
Phase I 
Time 
AC 
volts 
AC 
amps 
Eq. imp. 
z, n 
KWH 
8 A.M. 220 15 14.7 0 
9 260 17 15.3 3.61 
10 120 20 6.0 2.70 
11 220 17 12.9 3.43 
12 P.M. 300 10 30.0 3.56 
1 300 11 27.2 3.29 
2 300 12 25.0 3.41 
3 300 10 30.0 2.80 
4 300 9 33.3 3.00 
5 300 9 33.3 2.43 
6 300 8 37.4 2.09 
7 300 7 42.8 2.19 
Electrodes: 3 1.0 in. O.D. silicone carbide 'hot rods' set at 15 in. 
immersion. 
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Table 18. (Continued) 
Phase II 
Time 
AC 
volts 
AC 
amps 
Eq. imp. 
, G 
KWH 
8 A.M. 
9 
10 
11 
12 P.M. 
1 
2 
3 
4 
5 
6 
7 
0 
0 
120 
220 
300 
300 
300 
300 
300 
300 
300 
300 
0 
0 
15 
8 
8 
7 
8 
6 
4 
5 
5 
5 
8 . 0  
27.5 
37.5 
42.8 
37.5 
50.0 
74.9 
60.0 
60.0 
60.0 
0 
0 
0.95 
1.89 
2.06 
1.99 
2.18 
1.78 
1.61 
1.36 
1.27 
1.33 
8 
9 
10 
11 
12 
1 
2 
3 
4 
5 
6 
7 
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(Continued) 
Phase III 
AC AC Eq. imp KWH 
volts amps Z, Q ZKWH 
0  0 - 0  -
0 0 — 0 3.61 
120 17 7.0 2.23 5.88 
220 16 13.7 2.98 10.91 
250 15 16.7 5.29 10.54 
300 17 17.6 5.26 10.54 
300 15 20.0 4.75 11.34 
300 11 27.2 3.62 7.20 
300 10 30.0 3.30 7.91 
300 11 27.2 2.87 6.66 
300 9 33.3 2.52 5.88 
300 9 33.3 2.51 6.03 
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The voltages were kept balanced throughout the run, which was continued 
until the bed temperatures began to fall as a result of insufficient 
power input. After the run, the electrodes were found to be coated 
with a slag or ash like material. A photograph of one of the electrodes 
is shown in Figure 45 with an unused electrode to show the extent of 
the coating formed. 
Larger diameter electrodes were then used to increase the electrode 
area exposed to the fluidized bed. The electrical operating data for 
Run 57, in which these larger diameter electrodes were used, are shown 
in Table 19. From the data, it can be seen that the total interelectrode 
resistance was much less thctn in Run 56. At shut-down the reactor was 
regarded as fully operable and the run could have been continued. 
When the electrodes were examined, however, a coating of loosely sintered 
material was found as shown in Figure 46. Subsequent runs showed that, 
with continued use, much heavier coatings would develop, particularly 
around the electrode tips. At times these deposits appeared to inter­
fere with the fluidization of the bed. 
Since further increases in diameter were not feasible, air cooled 
stainless steel electrodes were used to reduce the temperature of the 
electrode surface. The electrodes (Figure 47) were closed steel 
cylinders which were attached to the electrode mounts by means of 
threaded connections. Ihe electrodes were open at the top, and a 
copper tube carrying cooling air was passed through this opening. 
The end of the copper tube was positioned slightly above the bottom 
of the electrodes so that the cooling air played over the bottom 
interior surface of the electrodes. 
Figure 45. Photograph of 1 in. O.D. silicon carbide electrodes; 
electrode with coating formed during Run 56 is shown 
at left; unused electrode is shown at right. 
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Table 19. Electrical operating data for Run 57 
Phase I 
Time 
AC 
volts 
AC 
amps 
Eq. imp 
Z, 0 
) 
KWH 
8 A.M. 0 0 — 0 
9 200 15 13.3 2.00 
10 265 15 17.6 3.31 
11 100 35 2.9 2.57 
12 P.M. 140 15 9.3 3.04 
1 280 12 23.2 3.43 
2 300 12 25.0 3.73 
3 300 17 17.6 4.96 
4 240 18' 13.3 4.80 
5 250 18 13.9 4.80 
6 200 17 11.7 4.32 
7 190 20 9.5 4.21 
8 200 17 11.8 3.53 
9 200 20 10.0 5.47 
10 210 23 9.1 3.42 
11 210 23 9.1 5.85 
Electrodes : 3 1.5 in. Q.D. 
immersion. 
silicone carbide 'hot rods' set at 15 in. 
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Table 19. (Continued) 
Phase II 
Time 
AC 
volts 
AC 
amps 
Eq. imp 
z, n 
KWH 
8 A.M. 
9 
10 
11 
12 P.M. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
200 
0 
0 
100 
140 
280 
300 
300 
240 
240 
250 
190 
290 
200 
210 
210 
14 
0 
0 
35 
25 
12 
9 
12 
15 
15 
15 
20 
15 
17 
18 
18 
14.3 
2.9 
5.6 
23.3 
33.3 
25.0 
16.0 
16.0 
16.6 
9.5 
19.3 
11.8 
11.7 
11.7 
0 
1.00 
0 
2.29 
3.53 
4.05 
2.43 
3.57 
3.93 
3.93 
3.88 
6.03 
3.65 
3.69 
3.68 
3.84 
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Table 19. (Continued) 
Phase III 
AC AC 
Time volts amps 
8 A.M. 0 0 
9 0 0 
10 0 0 
11 100 35 
12 P.M. 140 15 
1 280 12 
2 300 9 
3 300 13 
4 240 17 
5 250 17 
6 200 23 
7 190 25 
8 200 23 
9 200 20 
10 210 21 
11 210 21 
Eq. imp. KWH 
Z , Q TKWH 
- 0 0 
0 3.00 
0 3.31 
2.9 2.71 7.57 
9.3 3.13 9.70 
23.2 3.39 10.87 
33.3 2.66 8.82 
23.1 4.03 12.56 
14.1 4.65 13.38 
14.7 4.85 13.63 
8.7 5.40 14.27 
7.6 5.21 15.45 
8.7 5.12 12.30 
10.0 4.90 14.06 
10.0 5.72 12.82 
10.0 4.02 13.71 
Figure 46. Photograph of silicon carbide electrodes comparing the 
condition of the electrodes after Run 56 (left) with the 
condition of the electrodes after Run 57 (right). 
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Figure 47, Sketch of air cooled electrode showing the method 
cooling the lower section. 
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The operating data for Run 66, in which these electrodes were 
used, are shown in Table 20. The phase voltages were kept balanced 
throughout the run, which was continued until the total interelectrode 
resistance began to increase steadily, showing that the electrodes 
were becoming fouled. The condition of the electrodes at the end of 
the run is shown in Figure 48. The coating appeared to consist in 
part of loosely sintered coal char, which could be dislodged by a 
sharp rap on the electrode top. The steel substrate was not attacked 
by melting. 
A portion of the sintered char was removed and examined with a 
scanning electron microscope. Two photomicrographs are shown in 
Figure 49. The top picture shows the sintered char under a magnification 
of 100; the structure appears loose, with the particles being arranged 
in a random manner. A close-up view of two particles under a magnifica­
tion of 1000 is shown in the lower picture. The particles appear to 
be fused together; the surface of the particles is smooth, as though 
the particles had been subjected to very high temperatures. The 
particles do not appear to have the laminar structure characteristic 
of coke and graphite particles. 
One of the electrodes was then cleaned with a soft bristle brush, 
after which it was cut apart and sections of the surface examined with 
the scanning electron microscope. In Figure 50, the lower picture is 
a photomicrograph of the surface of the electrode near the top. This 
area was exposed to the reaction environment but not to the fluidized 
bed. The surface is free of deposits, and the brush marks made when 
polishing the electrode prior to use can be clearly seen. A view of 
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Table 20. Electrical operating data for Run 66 
Phase I 
AC AC Eq. imp KWH 
Time volts amps z, n 
8 A.M. 100 10 10.0 0 
9 130 32 4.0 2.51 
10 100 30 3.3 3.27 
11 130 27 4.8 3.24 
12 P.M. 200 17 11.7 3.04 
1 230 10 23.0 2.55 
Phase II 
AC AC Eq. imp KWH 
Time volts amps z, n 
8 A.M. 100 15 6.7 0 
9 130 37 3.5 2.98 
10 100 30 3.3 3.40 
11 130 27 4.8 3.26 
12 P.M. 200 14 14.3 2.94 
1 230 9 25.6 2.29 
Electrodes: 3 1.66 in. O.D. Type 316 stainless steel electrodes set at 
12 in. immersion. 
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Table 20. (Continued) 
Phase III 
Time 
AC 
volts 
AC 
amps 
Eq. imp. 
z, n 
KWH 
acwH 
8 A.M. 100 25 4.0 00 0 
9 130 26 5.0 2.46 7.95 
10 100 30 3.3 3.75 7.42 
11 130 30 4.3 2.09 8.59 
12 P.M. 200 9 22.2 2.55 8.53 
1 230 8 28.8 1.73 6.57 
Figure 48. Photographs showing the condition of the electrodes after 
Run 66. 
Top picture: View of the electrodes immediately after 
removal from the reactor. 
Bottom picture: Close-up view showing the coating formed 
on the immersed portions of the electrodes. 
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Figure 49. Photomicrographs of the sintered char deposits formed on 
the electrodes during Run 66. 
Top picture: View of the surface of the coating, magnifica­
tion of 100 X. 
Bottom picture: View of interparticle contact point, 
magnification of 1000X. 
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Figure 50. Photomicrographs of the electrode surfaces after Run 66. 
Top picture: View of surface of immersed section showing 
the fused slag coating; magnification of 1000x. 
Bottom picture: View of surface near top of electrode; 
brush marks from polishing operation are clearly visible. 
Magnification of iOOOx. 
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the lower section which was exposed to the fluidized bed is shown in 
the upper picture of Figure 50. The steel surface is occluded by a 
layer of fused slag. 
Sections of the top and bottom of the electrode were then mounted 
so that the exterior surface of the electrode could be seen in profile. 
Typical views of these sections are shown in the photomicrographs 
shown in Figure 51. In both of these views, the steel substrate is 
shown in the lower portion of the pictures and the mounting matrix in 
the upper portion. The surface is along the line dividing the views 
approximately in half. The upper picture shows that the steel was 
not corroded by exposure to the reaction environment. The slag 
coating, shown in the lower picture, is of variable thickness. A 
microprobe analysis of the coating showed that the coating consisted 
of silicon dioxide, and calcium, aluminum and magnesium oxides. 
A mechanism for the formation of the slag coating can be postulated 
from the appearance of the sintered char coating and slag coating of 
the electrodes. It would appear that the interfacial region separating 
the fluidized bed from the electrode surface is heated to very high 
temperatures; this is because the current flows through a relatively 
small number of particles in the interface region before diffusing 
away into the fluidized bed. The particles involved in carrying the 
current through the interface are then heated to a temperature high 
enough to melt the ash in the particle. In the motion of the fluidized 
bed, some of the particles come in contact with the relatively cool 
electrode surface, and adhere to the surface. These particles continue 
to carry high currents to the fluidized bed, and remain hotter than 
Figure 51. View of electrode surfaces from Run 66 in profile. 
Top picture: Mounting matrix (top), clean steel surface 
(center), and steel substrate (bottom). Magnification of 
1450 X. 
Bottom picture: Mounting matrix (top), steel surface 
with slag coating (center), and steel substrate (bottom). 
Magnification of 1450x. 
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the bulk of the fluidized bed. The carbon in these particles is con­
sumed more rapidly, and the particles eventually collapse to form the 
slag coating on the surface. 
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SUMMARIZING DISCUSSION 
The investigation described here uncovered areas in which the 
present state of knowledge is not sufficient to allow the design from 
first principles of an electrofluid reactor for the steam gasification 
of coal char. The reactor used in this investigation is not appropriate 
for the required investigations which involve further studies of 
carbon-steam kinetics and interelectrode resistance. 
The reactivity of coal char changes as it is gasified; because of 
this, the surface reaction rate constant is not a simple temperature 
dependent constant but is an unknown function of the condition of the 
reaction surface and noncarbon materials present in the ash which ap­
pear to exert a catalytic influence on the reaction. While the simple 
model developed from equation 19 may be approximate at high temperatures 
and inverse space velocity, fluidization effects which differentiate 
fixed bed reactors from fluidized bed reactors are not accounted for. 
Methods for modeling gas-sclid chemical reactions in fluidized beds 
have been proposed, but it will not be possible to apply them until a 
rate expression describing the chemical reaction is available. 
Further studies of the steam carbon reaction would probably be 
best done in a differential reactor in which the change in the reaction 
surface can be evaluated as the reaction proceeds. The changes in 
the reaction surface would take place by erosion of the surface by 
chemical reaction and by pore initiation and growth. With the exception 
of the gas interchange coefficient used to describe the movement of 
gas between the emulsion phase and bubble phase in fluidized beds. 
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the fluidization effects appear to be independent of changes in reactivity. 
In the application of a reactor model, however, the increase in gas 
velocity due to chemical reaction would have to be accounted for. 
The second area which should be investigated further in more 
appropriate equipment would involve the interelectrode resistance. 
This is currently thought of as tlie sum of the contact resistances at 
the interfaces between the fluidized bed and the electrode surfaces and 
the bed resistivity, or the electrical resistance of the fluidized 
bed of conducting particles. Numerous investigations have shown that 
the total interelectrode resistance is dependent upon current density, 
and decreases with increase in current density. It has not been estab­
lished that this nonlinearity is due to a change in volume resistivity 
or surface resistivity. The effect of current density on volume 
resistivity and surface resistivity should be studied separately. 
The flow of an electric current through a conducting medium is 
analogous to the flow of an incompressible fluid; flow through an 
element of volume in a conducting medium can be described by 
which states that the accumulation of flow in the volume element is 
the difference between the flow in and out of the volume element. If the 
flow is steady, and there is no accumulation of charge within the volume 
element, equation (44) can be reduced to 
V ' V ' 
(44) 
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(45) 
where p is the local volume resistivity. 
V 
If current flow is restricted to flow between two opposite faces 
of a rectangularly shaped continuum, the current density throughout 
the continuum will be uniform. The use of a simple geometry as this 
would allow the effect of current density on surface resistivity and 
volume resistivity to be easily studied, since equation (45) for this 
case would reduce to 
subject to the boundary conditions 
S •*" "T ° (47) 
^c 
at the conducting boundaries, and 
# = ? = - (48) 
By oz 
at the nonconducting boundaries, where E is the local potential of the 
boundary of the field and is the potential of the conducting surface. 
Tn addition, the effects of particle size, gas velocity, temperature, 
and character of the conducting surface could also be studied. 
If a cylindrical configuration were used in which current flows 
between concentric electrodes in the radial direction only, equation (45) 
becomes 
(46) 
(49) 
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where r is radius. From this it can be seen that if volume resistivity 
is a variable, it must be expressed as a function of the position 
coordinates before equation (50) can be solved. If the volume 
resistivity is regarded as a constant, equation (50) is readily solved; 
as an alternative study, experimentally determined potential distribu­
tions in this configuration could then be compared with the expected 
distributions using the deviation from the expected distribution to 
study the effects of current density on volume resistivity. Mare ir­
regular geometries should be avoided, since these may lead to in­
tractable mathematics. 
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RECOMMENDATIONS AND CONCLUSIONS 
Conclusions 
1. The reactivity of coal char changes during the steam gasifica­
tion process so that the reaction kinetics cannot be accurately 
described by a simple Langmuir rate expression. 
2. The steam gasification of coal char in a fluidized bed 
reactor can be modeled approximately at high temperatures and high 
inverse space velocities using a plug flow reactor model in conjunc­
tion with the rate constants for the fluidized bed steam gasification 
of Disco char published by May et al. (52). 
3. An electrofluid reactor can be operated successfully with 
either a single phase or a three phase alternating current power 
supply. 
4. The electrode configurations and construction materials 
used in the electrofluid reactor of this investigation were conducive 
to the formation of deposits on the electrode surfaces which reduced 
current flow, limiting the length of time the reactor could be 
operated. 
5. At elevated temperatures, the electrical resistance of the 
interface between the electrode surfaces and the fluidized bed of 
coal char was the largest resistance in the heating circuit of the 
electrofluid reactor used in this investigation. 
6. A small third harmonic current is generated in the operation 
of the three phase alternating current power supply. 
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7, When calculating the potential distribution within an electrical 
field where the current flux at the conducting boundaries is limited 
by surface resistivity, the effect of surface resistivity must be 
accounted for in the boundary conditions to obtain a correct potential 
distribution within the field from the solution of Laplaces' equation. 
Recommendations 
1. The reaction kinetics of the steam gasification of coal char 
should be studied further to develop an expression for reaction rate 
which accounts for the change in reactivity due to changes in surface 
area, pore structure, and the catalytic effects of materials present 
in the ash. 
2. The modeling of the fluidized bed steam gasification of coal 
char should be investigated further using a rate expression which 
properly accounts for the chemical reactivity of the coal char, and 
which accounts for the cozplex flc^' regime of fluidized bed reactors, 
including the change in fluid motion which is due to gas volume change 
resulting fxrom chemical reaction. 
3. Both volume resistivity and surface resistivity in electro-
fluid reactors should be studied further in equipment of simple geometry 
to quantify the effects of electrode material choice, particle material 
choice, current density, temperature, and fluidization variables on 
volume resistivity and surface resistivity. 
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NOMENCLATURE 
A Surface area 
C Electrical capacitance 
Concentration of active sites, moles/unit mass 
D Diameter 
dp Average particle size 
E Potential, volts 
F Feed rate, lb moles/hr 
2 
G Mass velocity, lb moles/hr ft 
2 G _ Mass velocity at minimum fluidization, lb moles/hr ft 
nir 
Heat of reaction, Btu/lb mole 
I Electric current, amp 
J Current density, amps/unit area 
Adsorption equilibrium constant 
k Surface reaction rate constant 
s 
»0/A Kilovolt amperes 
KWH Kilowatt hours 
L Depth 
^ Immersed length 
Total pressure 
p^ Partial pressure of component a 
R Electrical resistance, ohms 
r Radius 
SCF Standard cubic feet (volume at 32"F and 1 atmosphere pressure) 
SCFM Standard cubic ft/min 
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T Temperature 
t Time 
u Velocity 
u ^ Velocity at minimum fluidization 
mf 
V Volume 
W Bed mass, lb moles 
W/F Inverse space velocity, lb moles carbon-hr/lb moles steam 
Fraction feed steam converted 
f 
Z Electrical impedance, ohms 
e Dielectric constant 
T) Position coordinate in bipolar cylindrical coordinates 
9 Position coordinate in bipolar cylindrical coordinates 
p, Viscosity 
p Density 
Surface resistivity 
Volume resistivity 
T Time required to completely consume a reacting particle in 
chemical reaction 
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APPENDIX A 
Method of Calculating Gas Composition 
as a Function of Steam Conversion 
This model assumes that the conversion of carbon to gaseous products 
in the steam-carbon system is completely described by the following 
three reactions: 
C + HgO = CO + Hg (1) 
CO + H^O = CO2 + (2) 
C + 2H2 = CH^ (3) 
and that reactions (2) and (3) are at equilibrium. Assuming that the 
solids have unit activities, the equilibrium constants for these three 
reactions are given by, 
?co,yH, 
^co Jh 
*2 = (2) 
^CO^H^O 
^CH 
Using the method shown by Pulsifer and Wheelock (60), the following 
quantities are defined: 
= = moles steam converted by reaction (1) per mole of 
entering feed steam, 
Xg = moles steam converted by reaction (2) per mole of entering 
feed steam. 
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= moles carbon converted by reaction (3) per mole of feed 
steam, 
F = moles of feed steam per mole of carbon entering the 
system. 
Then, 
n^ = F(x^ + - Zxg) (4) 
"cO * ^ <*1 • (5) 
"cOj " 
"CH, = 
4 
"HjO ' - "2 - "3' 
N = F(1 + - Xg) (9) 
where N is the total number of moles and n^ is the number of moles of 
a particular component. Substituting these quantities into the expres­
sions for the equilibrium constants, 
(-H - "zX"! + '2 - 2*3) 
1 (1 - - Xg) (1 + Xj^ - x^) 
(x.)(x^ + X - 2x,) 
S • (X, - x,)(l - X, - X,) 
(x ) (1 4- X - X ) 
•^3 " (x^ + x^ - 2x3) 
The fraction steam converted, A, is given by 
A = x^ + Xg (13) 
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Substituting the expression for A into equations (11) and (12), the 
following expressions are obtained. 
(Xg)(A " 2X3) 
2 ~ (A - 2x2)(1 - A) 
K_ = 
S = 
(X2)(l + A - Xg - Xg) 
(A - 2x3)^ 
(14) 
(15) 
Solving equation (14) for x^. 
x„ = 
KgACA - 1) 
2 2K (A - 1) - A - 2x3 
and substituting this for x^ in equation (15), 
/ K^AXA - 1) \ 
(X3) 1 + A - ^gKgCA - 1) - A + 2x3 y" *3 
(16) 
S = (17) 
(A - 2x3) 
Multiplying out the above expression, rearranging, and gathering the 
coefficients of like powers of Xg, the following cubic equation is 
obtained: 
(8K_ + 2)X2 + [SKgKgCA - 1) - 4K3A - 8K3A - 2 - 3A +2K2(A - 1) Jx^ 
+ [- 8K2K3A(A - 1) + ôK^A^ - 2K2(A - 1) + A - ^KgA^A - 1) 
+ A^ + K2A(A - 1)1x3 + [2K2K3A^(A - 1) - K3A^] = 0 
(18) 
In adapting this expression for a computer solution for X3, equation (18) 
was reduced to the form. 
4 + =1*3 + <2*3 + =3 - 0 (19) 
256 
where 
[8K,K- - 12K, - 3 + 2K-]A - (8K K + 2 + 2K-) 
•=1 - wfn— (20) 
(6K3 - SKgKg +1 - K^)A^ + (SKgKg + 1 - KgXA + 2K^ 
^2 = 8K + 2 
(21) 
(2K K - K )A^ - 2KK A^ 
^3 = (8K3^2) (22) 
In the computer program, arrays were constructed for values of A 
ranging from 0.1 to 1.0 in increments of 0.1, with the expressions 
for the coefficients of x„ being evaluated for each value of A. The 
value of for each value of A was then obtained by rooting the 
cubic using the library routine POLYRT. The wet and dry gas composi­
tions were then calculated and printed out. 
Tlie program then entered a search routine to determine the 
equilibrium conversion. In this routine, the value of Kj was calculated 
for each value of A and compared to the real value of at the tempera­
ture and pressure under consideration, rejecting all values of 
greater than the real value. 
The value of A corresponding to the highest value of less than 
the real value of retained was then incremented by 0.01 and values 
for K. corresponding to each new value of A were then calculated, and 
scanned as before, rejecting all values of greater than the real 
value. Using the highest retained value of K^, the third and fourth 
decimal place were obtained in the same manner. The wet and dry gas 
compositions corresponding to this final value of were then printed 
out together with the values of A, x^, x^, and x^. 
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In using the computer program, it was first necessary to calculate 
the values of Kg, and at the temperature and pressure under 
consideration; these values for the equilibrium constants together with 
the temperature, in degrees Farenheit, and the pressure, in atmospheres, 
formed the input data for the computer program. 
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APPENDIX B 
Correlations for Interelectrode Resistance 
The flow of an electric current through an annular space filled 
with conducting medium between concentric or eccentric electrodes and 
between cylindrical electrodes immersed in a conducting medium can 
be conveniently modeled in bipolar cylindrical coordinates, since 
solutions for Laplaces' equation for potential distribution are of 
simple form. These configurations (Figure 52) are analogous to the 
arrangement of the electrodes for introducing an electric current into 
a cylindrical bed of fluidized conducting solids. The electrical 
resistance between cylindrical electrodes was studied to develop 
methods of calculating interelectrode resistance for configurations 
for which analytical expressions do not exist. 
In bipolar cylindrical coordinates, which are described by Moon 
and Spencer (55) and in other textbooks treating the subject of co­
ordinate systems, position in space is described by three quantities, 
"H, 0, and z. The significance of these quantities are shown in 
Figure 53, in which bipolar coordinates are superimposed on rectangular 
coordinates; the position of a point in space is defined by the inter­
section of two circles which are surfaces of constant T| and constant 0. 
The rectangular coordinates x, y, and z are related to bipolar cylindrical 
coordinates by the equations, 
„ a sinh H 
cosh 1] - cos 0 
a sin 0 
cosh T) - cos 0 (2) 
Figure 52. Electrode configurations. 
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a. TWO ELECTRODE, CENTER ELECTRODE CENTERED 
+ 120 
120 
THREE ELECTRODES, SYMMETRICALLY PLACED 
Figure 53. Bipolar cylindrical coordinates shown with rectangular 
coordinate axes. 
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9 = CONST. 
CONST 
n = CONST. 
9 = CONST. 
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z = z (3) 
By writing the equation for a circle with its center on the x-axis 
and substituting for x and y from equations (1) and (2), it can be 
shown that 
When r is zero, the coordinate surface I] degenerates to the points 
+ a on the x-axis, with T] having a value of + ®. When r is infinite, 
the coordinate surface T| coincides with the y-axis, with T] having a 
value of zero. In a similar fashion, by writing the equation for a 
circle having its center on the y-axis, and substituting for x and 
y from equations (1) and (2), it can be shown that 
When r* approaches + <», and w' approaches + the coordinate surface 
9 becomes the line segments from - «*> to - a and from + a to + <=; on 
the interval - a < x < a, the coordinate surface 9 has a value of TT. 
When r ' approaches infinity and w' approaches - on the interval 
- a < X < a, the coordinate surface 0 has a value of - TT, and is zero 
everywhere else on the x-axis. 
In order to calculate the electrical resistance between pairs of 
electrodes, it is necessary to decompose the electrode configurations 
shown in Figure 52 into electrode pairs in which current flow is 
between an electrode and the grounded, conducting wall, or between 
jsinh = g (4) 
I sin 9( = pr (5) 
Tan 9 = •^ 
w 
(6) 
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pairs of cylindrical electrodes. The configurations of these pairs are 
shown in Figures 54a and 54b. Figure 54a represents the configuration 
in which current flow is from the center electrode to the grounded, 
conducting wall; Figure 54b shows the configuration in which current 
flow is between a pair of cylindrical electrodes immersed in a cylindrical 
tank. The calculation of bipolar cylindrical position coordinates is 
as follows: Generally, the diameter of the containing vessel and the 
diameter of the electrodes and their position with respect to the 
center of the containing vessel will be known. Referring to Figure 54a, 
w^, Wg, r. and r^ will be known, but it is necessary to calculate a 
to obtain the coordinates of the surfaces. It can be shown that 
s = w^ - w^ (7) 
= Va^ + r^ +Va^ + r^ (8) 
which can be solved for a to obtain 
a = [s^ - 2s^(r^ + r^) + (r^ - (9) 
The values of the coordinate surfaces are then obtained from 
jsinh = §- (10) 
r 
sinh ^T| = y&n J+>/( f )^ + lJ  (11)  
From Figure 54b, it can be seen that a and r are readily obtained, so 
that the value of the coordinate surfaces can be calculated from 
= >£2 . + r (12) 
Figure 54. Electrode configurations converted to bipolar cylindrical 
coordinates. 
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and equations (10) and (11). 
Laplace's equation in bipolar cylindrical coordinates can be 
written as 
A +A + A. o  (13) 
ÔTT ÔZ 
For the configuration shown in Figure 54a, if the electrode is completely 
immersed in the cylinder, potential variation will occur only in the 
Ti direction; Laplace's equation for this case has the simple solution, 
0 = ATI + B (14) 
and applying the boundary conditions that at the potential is (^, 
and Tig, the potential is zero, the expression for the potential at any 
point in the field between T]^ and T^^ is, 
« -  ^(^ )  ^
Furthermore, it can be shown that the capacitance for the configuration 
shown in Figure 3a is given by, 
2-nei V — \ \ 
Knowlton (44) showed that capacitance can also be expressed 
(16) 
as 
Pv® 
C = (17) 
where is the volume resistivity of the conducting medium, e is the 
dielectric constant, and R is the electrical resistance. Setting the 
right-hand sides of equations (15) and (16) equal to each other and 
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rearranging, the following expression for the electrical resistance 
through the conducting medium is obtained: 
\ - % 
This can be rearranged into two dimensionless groups, 
(V)-M 
which is the basic form of the correlations for This expression 
is exact when the electrode is completely immersed in the cylinder 
of conducting medium; to account for the partially immersed electrodes, 
two dimensionless groups were used, (j£/L) , the ratio of the length of 
electrode immersed in the cylinder to the length of the cylinder, and 
a group (A + B)/D^ which was defined from the dimensions of the system 
as shown in Figure 55. The final form of the correlation for the 
electrical resistance between a center electrode and the grounded con­
ducting wall was, 
/ \  -  M (20) 
V "v / V /  ^ \ "t 
The values of the exponents a and b would then be evaluated from 
experimental data. 
For the configuration shown in Figure 5^b. it can be shown that in 
the absence of a confining wall, the capacitance is given by 
^ _ 2ne£ jjM (21) 
\ - (- \) Tl 
Figure 55. Dimensions for auxiliary dimensionless groups (A + B/D^) 
and (L^/L^). 
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Setting the right-hand sides of equations (20) and (16) equal to 
each other, the electrical resistance between a pair of cylindrical 
electrodes immersed in an infinite media is obtained, 
®èe ° fy Se (22) 
This was rearranged into two dimensionless groups, 
(-%-) • 
to obtain the basic form for the correlation describing the electrical 
resistance between cylindrical electrodes immersed in a conducting 
medium. The effect of the confining wall was assumed to be described 
by the combination of a constant a, and a dimensionless group (Lg/L^) 
calculated from the dimensions of the system as shown in Figure 55b from 
'1 ° 5§ " 
r_ + r + s\ 
® ' (24) 
= 2s cos 30° (25) 
The final form of the correlation for the electrical resistance between 
pairs of electrodes with the wall nonconducting was 
where the constant a and the exponents d and e would be evaluated 
from experimental data. 
Experimental apparatus 
Two tanks were used. One was 11-1/2 in. in diameter and was 
filled to a depth of 10 in. with dilute, weakly conducting sulfuric 
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acid, and the second tank was 5.94 in. in diameter and was filled to a 
depth of 16 in. with the same electrolyte; when used, the conducting 
wall was formed by placing a brass screen adjacent to the wall of the 
tanks, completely covering the wall of the tank. The electrodes were 
made from copper pipe prepared by sanding and pickling in dilute 
sulfuric acid. Three sizes were used, 1/2 in., 1 in., and 2 in. size. 
The test circuits used are shown in Figures 56, 57, and 58, together 
with associated equipment such as conductivity bridges and power sup­
plies. Part of the resistance measurements were made using an AC 
conductivity bridge with the frequency of the test voltage set at 1000 hz 
to increase the sensitivity of the bridge. Voltage and current measure­
ments were made with VTVM meters, conventional voltmeters and ammeters, 
and also with a type 502A dual channel oscilloscope. The volume 
resistivity of the electrolyte was monitored throughout the testing 
with the 4-point probe conductivity cell shown in Figure 53. 
In the first part of the testing, the test electrodes were posi­
tioned. using either the configurations shown in Figure 52a or 52b. 
Hie total interelectrode resistance was measured, using the conductivity 
bridge, with measurements being taken at varying Immersions. The 
total interelectrode resistance was modeled as 
*t = *cl + Bb + %c2 (27) 
and the contact resistances R are calculated from 
c 
R = p /area 
c c 
(28) 
Figure 56.  Apparatus for measuring interelectrode resistance in tank analogs. 
A» 
no V, LINE 
TO GROUND 
B 
AC CONDUCTIVITY 
BRIDGE 
TWO ELECTRODES, 
NON-CONDUCTING 
WALL 
I SINGLE ELECTRODE, 
1/CONDUCTING WALL 
Figure 57. Circuit diagram for measuring volume resistivity with 
conductivity cell. 
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Figure 58. Circuit diagram for three phase operation of tank analogs. 
30 
no V, LINE 
TO GROUND 
750n 
50 woth 
— 
TANK ANALOG 
750 n 
50 wotts 
—V# 
750 n 
50 watts 
-VV\A 
279 
The data for the fully immersed electrodes with the wall conducting 
were then analyzed by regression analysis to obtain estimates for the 
surface resistivity of copper pipe and brass screen, obtaining 
2 2 
values of 2.34 ohm-in. and 28.51 ohm-in. respectively for the surface 
resistivity of copper pipe and brass screen. 
The values of contact resistance were then calculated for all 
measurements, and subtracted from the total interelectrode resistance 
to obtain the estimate of the electrical resistance through the con­
ducting media. The agreement of the quantities 
with 
\ - «St - r 
is shown in Figure 59, which shows some scatter, but otherwise reasonable 
agreement with the model. 
The constants and exponents in equations (19) and (20) were 
evaluated by the regression analysis of the tank analog data, obtaining 
the expressions 
= 1.679(3^) (^)0'2212^^2j| (32) ^R' i ee 
^ Pv 
for R and R' . The agreement of the data with the model are shown 
ew ee 
in Figures 60 and 61. 
s 
Figure 59. Comparison of experimentally observed total contact 
resistance with the expected value of total contact 
resistance. 
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Figure 60. Comparison of experimentally observed dimensionless 
resistance with the expected value of dimensionless 
resistance for current flow between a single electrode 
and the grounded, conducting wall. 
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Figure 61. Comparison of dimensionless resistance with the expected 
value of dimensionless resistance between pairs of 
cylindrical electrodes. 
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Knowlton (44) developed a method of calculating the component 
Ry, or the resistance of the conducting media from field theory; 
the correlation equation (31) was used to calculate and compared 
with the field theory calculation; the results are shown in Table 21. 
From the values in the table, the correlation can be seen to yield 
estimates of which are slightly lower than the estimates obtained 
from the field theory calculation. 
The test cells were then connected to a three phase power supply, 
shown in Figure 54, to obtain correlations for estimating the components 
of interelectrode resistance in three phase operation. The case of 
the nonconducting wall was considered first; it was found that the 
estimate of the component R^^ could be obtained by multiplying the 
value of R^^ by a constant, 1,511. The agreement of the experimental 
data with the model is shown in Figure 62. 
It was not possible to develop a correlation for calculating 
the resistance components R and R for the three phase case where 
e w  e e  
the wall was conducting and grounded. This is because the effective 
current paths are altered by the contact resistance at the wall; the 
partition of current between the phases and between the phases and the 
wall is a function of the value of the surface resistivity of the wall, 
so that no general correlation is possible. 
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Table 21. Comparison of Rg^ obtained by correlations with Rg^ ob­
tained by field theory calculation method 
Rew) 0 ^ 
JL i/h correlations field theory 
2 0.125 26.40 28.294 
4 0.250 15.42 16.624 
6 0.375 11.27 11.771 
8 0.500 8.94 9.111 
10 0.625 7.31 7.431 
12 0.750 6.33 6.276 
14 0.875 5.47 5.445 
16 1.000 4.88 
Figure 62. Comparison of experimentally observed dimensionless 
resistance with expected value of dimensionless resistance 
for current flow between cylindrical electrodes in a 
three phase operation, with the wall nonconducting. 
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APPENDIX C 
Operating Data for Continuous Runs 
291 
Table 22. Operating data during Run 28 
Pressure 
AP AP 
Electrical data across at 
Time Temoerature Op AC KVA R KWH filters meter 
hr A B C D volts n cm Hg cm Hg 
9 860 860 — 1010 275 5.74 13.158 0 0.5 0.5 
10 1280 1280 — 1280 275 7.06 10.700 6.46 2.6 2.4 
11 1510 1510 — 1615 275 8.10 9.322 7.00 1.9 1.3 
12 1820 1840 — 1760 195 5.39 9.928 6.80 2.0 2.0 
1 1710 1720 — 1710 182 5.61 8.929 3.82 1.0 1.0 
2 1670 1690 — 1645 218 6.53 9.167 5.75 2.5 2.5 
Thermocouples location; A — 8 in. above bottom; B — 4 in. above 
bottom; C — 2 in. above bottom; D — 
flush with bottom. 
Table 23. Material flow during Run 28 
water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min ft^ cm /min gms gms gms bed 
9 0.000 0.000 14.46 0.00 0 0 65.14 
10 0.318 9.511 14.67 54.00 0 0 64.75 
11 0.354 28.944 14.67 493.0 0 0 63.51 
12 0.455 30.620 7.54 522.0 0 0 62.10 
1 0.621 33.090 6.81 163.0 0 0 60.45 
2 0.613 41.394 6.76 346.0 0 0 58.18 
Last 0.000 5.987 — — 0 0 57.82 
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Table 24. Off-gas composition during Run 28 
Elapsed 
time Volume percent 
hr 
*2 
CO CO2 
1.64 45.56 31.60 22.84 
2.30 50.19 32.70 17.11 
3.00 55.95 31.92 12.13 
4.00 60.32 28.81 10.87 
4.43 57.68 30.15 12.17 
Table 25 . Operating data during Run 29 
Electrical data 
Pressure 
AP AP 
across at 
Time Temperature °F AC KVA R KWH filters meter 
hr A B C D volts Q cm Hg cm Hg 
0 554 547 - 641 120 3.20 4.44 0.00 0 0 
1 641 645 - 737 97 3.17 2.94 0.00 0 1.5 
2 731 731 - 808 95 2.70 3.52 2.68 0 1.5 
3 889 893 - 893 150 5.21 4.28 3.42 3.0 4.0 
4 1198 1202 - 1119 180 4.02 8.17 5.44 3.4 4.4 
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Table 26. Material flow during Run 29 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr f t^/min ft^ cm^/min gms gms gms bed 
0 0.00 0.00 27.50 0 0 0 83.61 
1 0.19 20.19 26.55 0 0 0 83.40 
2 0.19 2.61 27.40 479 0 0 83.37 
3 0.47 21.40 36.00 479 0 0 83.14 
4 0.80 41.20 36.00 840 0 0 82.68 
5 0.93 55.20 0.00 1198 0 0 82.01 
81.90 
Table 27. Off-gas composition during Run 29 
Elapsed 
time Volume percent 
hr CO CO^ 
2.50 62.30 24.85 12.87 
3.50 25.00 17.55 
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Table 28. Operating data during Run 30 
Pressure 
A? àp 
Electrical data across at 
?ime Temperature °F AC KVA R KWH filters metei 
hr A B C D volts n cm Hg cm 
0 620 602 — 572 155 3.81 6.310 0 0 0 
1 825 817 — 616 133 6.96 2.535 5.95 0 1.2 
2 1066 1058 — 676 90 2.48 3.26 2.85 0 1.2 
3 1129 1125 — 740 93 2.74 3.15 3.41 0 1.2 
4 1189 1177 — 799 105 3.71 2.965 4.48 0 1.7 
5 1320 1312 — 871 120 4.66 3.075 4.46 3.6 5.4 
6 1606 1592 — 989 135 6.15 2.96 5.90 4.0 3.2 
7 1637 1637 — 1061 200 2.08 5.63 6.01 4.3 2.5 
8 1645 1650 — 1159 235 6.68 8.25 4.07 4.1 0.5 
9 1677 1690 — 1399 200 4.59 8.69 6.15 2.4 6.9 
10 1645 1663 — 1434 225 6.19 8.15 5.23 2.4 6.8 
11 1671 1690 1469 225 5.78 8.72 5.89 2.9 
0 
7.2 
0 
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Table 29. Material flow during Run 30 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbin in 
hr f t^/min f t^ cm3/min gms gms gms bed 
0 
1 
2 
3 
4 
5 
6 
7 
8 
10 
0.00 0.00 36.8 0 0 0 86.34 
0.00 0.62 33.0 0 0 0 86.34 
0.175 9.19 33.1 301 0 0 86.29 
0.205 11.5 33.3 710 0 0 86.23 
0.406 15.1 33.1 895 0 0 86.15 
0.726 40.9 32.9 1429 0 0 85.94 
0.823 51.2 32.7 1205 0 0 85.65 
0.937 54.3 32.7 1128 0 0 85.34 
1.219 88.5 42.6 1612 0 0 84.81 
1.581 116.4 42.6 1372 0 0 84.04 
2.137 100.2 42.6 1473 0 0 83.31 
2.117 115.7 42.9 1474 r\ V 82.36 
82.08 
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Table 30. Operating data during Run 31 
Pressure 
ÛP AP 
Electrical data across at 
Time Temperature °F AC KVA R KWH filters meter 
h r  A  B C D  v o l t s  Q  c m  H g  c m  H g  
0 825 812 - 748 
1 1074 1066 - 800 
2 1159 1171 - 859 
3 1522 1527 - 1018 
4 1619 1628 - 1168 
5 1716 1742 - 1279 
6 1750 1760 - 1403 
7 1742 1756 - 1430 
8 1747 1756 - 1442 
9 1760 1786 - 1460 
10 1769 1790 - 1453 
11 1777 1795 - 1483 
95 1.038 8.7 
266 10.00 7.1 
210 7.45 5.9 
210 6.57 6.7 
250 7.36 8.5 
245 7.61 7.9 
240 6.11 9.4 
250 8.40 7.5 
273 6.90 10.8 
227 4.98 11.5 
252 4.98 12.8 
200 3.891 10.3 
0.00 0.00 0.00 
7.41 0.2 1.1 
1.39 0 0 
7.62 1.8 2.0 
6.64 2.0 2.3 
7.04 2.3 2.7 
6.30 3.2 3.9 
5.68 3.2 4.1 
5.90 3.7 4.8 
4.24 2.2 2.5 
5.46 2.3 2.6 
5.32 2.3 2.7 
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Table 31. Material flow during Run 31 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min ft3 cm^/min gms gms gms bed 
0 0 0 36.5 0 0 0 85.03 
1 0.565 23.9 36.9 278 0 0 84.89 
2 0.494 7.1 36.4 52 0 0 84.85 
3 0.530 32.0 35.65 667 0 0 84.60 
4 0.885 45.6 35.9 1069 0 0 84.37 
5 1.326 68.6 35.9 1068 0 0 83.93 
6 1.247 67.2 35.7 1159 0 0 83.46 
7 1.290 84.9 35.5 1178 0 0 82.84 
8 1.661 96.1 35.2 1200 0 0 82.08 
9 1.240 72.6 27.5 1065 0 0 81.45 
10 1.130 98.3 27.2 996 0 0 80.53 
11 1.386 58.1 22.2 869 0 0 79.94 
12 0 0 0 0 0 0 79.68 
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Table 32. Off-gas composition during Run 31 
Elapsed 
time Volume percent 
hr Hg CO COg 
4.33 58.18 34.92 
5.00 59.26 34.78 5.95 
5.42 57.92 37.69 4.39 
7.00 46.74 49.75 3.51 
7.33 59.12 36.52 4.37 
8.00 62.47 33.84 3.68 
9.00 61.75 33.16 5.08 
10.00 59.76 34.84 5.40 
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Table 33. Operating data during Run 32 
Pressure 
iCf A? 
Electrical data across at 
ime Temperature °F AC KVA R KWH filters meter 
hr A B C D volts cm Hg cm Hg 
0 1002 998 — 898 75 0.00 5.36 0.00 0 0 
1 1395 1377 — 938 200 6.74 5.95 7.68 2.2 2.4 
2 1677 1695 — 1146 275 7.88 9.62 7.59 3.8 1.332 
3 1668 1677 — 1219 250 4.71 13.30 5.69 3.1 1.690 
4 1690 1695 — 1266 200 5.35 7.49 5.21 2.5 1.358 
5 1691 1695 — 1279 200 3.68 10.87 4.51 4.2 1.310 
6 1691 1699 — 1288 235 5.04 10.98 4.93 5.5 1.605 
7 1703 1717 — 1312 236 5.35 10.40 5.12 6.5 1.875 
8 1695 1703 — 1337 214 4.78 9.60 4.83 6.5 1.686 
9 1703 1717 — 1346 205 4.73 10.79 5.01 6.5 1.798 
10 1695 1708 — 1372 190 4.49 8.05 5.02 6.8 1.725 
11 1703 1717 — 1363 240 4.79 12.00 4.80 7.2 1.880 
12 1695 1708 — 1355 211 4.42 10.10 5.06 7.2 2.055 
13 1680 1695 — 1408 193 5.28 7.04 4.65 7.4 2.230 
Table 34. Material flow during Run 32 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft^/min ft^ cm^/min gms gms gms bed 
0 0 0 28.9 0 0 0 80.39 
1 0.428 25.4 28.0 113 0 0 80.11 
2 1.137 57.4 43.2 1087 0 0 79.46 
3 1.460 76.4 44.5 1175 0 0 78.51 
4 1.179 62.4 31.6 981 0 108 77.67 
5 1.116 68.0 31.3 962 0 0 76.67 
6 1.340 85.2 30.9 1089 828 0 76.13 
7 1.542 84.5 31.0 1071 828 Nil 75.62 
8 1.387 86.4 30.4 1025 828 Nil 75.11 
9 1.479 89.7 29.8 1008 828 726 74.55 
10 1.413 96.0 29.7 1007 828 430 73.87 
11 1,527 93.0 29.4 968 828 132 73.23 
12 1.672 93.5 29.8 959 828 543 72.58 
13 1.810 101.6 29.5 949 828 801 77.94 
14 0 0 0 0 0 0 76.30 
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Table 35. Off-gas composition during Run 32 
Elapsed 
time Volume percent 
hr CO CO2 
1.00 83.38 14.43 2.19 
2.00 47.20 42.00 10.18 
3.00 51.56 35.35 13.09 
4.00 50.89 36.85 12.27 
5.00 51.36 35.43 13.21 
6.00 52.23 37.57 10.21 
7.00 57.91 33.91 8.18 
8.00 55.05 34.24 10.71 
9.00 54.70 35.90 9.41 
10.00 54.80 35.28 9.92 
11.00 56.28 35.06 8.67 
12.00 57.35 33.91 8.74 
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Table 36. Operating data during Run 33 
Pressure 
AP £sP 
Electrical data across at 
Time Temperature °F AC KVA R KWH filters meter 
hr A B C D volts n cm Hg cm Hg 
0 885 898 — 872 — — 9.00 0.00 0 0 
1 1368 1372 — 929 270 8.13 10.75 6.49 1.1 1.7 
2 1530 1558 — 980 273 6.93 4.80 6.49 1.8 2.3 
3 1711 1703 — 1244 203 8.59 9.28 6.13 4.2 5.2 
4 1707 1725 — 1337 205 4.46 21.24 5.47 4.0 5.0 
5 1725 1733 — 1300 280 105.4 7.22 5.56 4.2 6.2 
6 1742 1756 — 1350 280 35.8 0.00 4.86 4.3 8.0 
Table 37. Material flow during Run 33 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate ccr.der.ssd feed overflow carbon in 
hr ft^/min ft3 cm3/min gms gms gms bed 
0 0.00 30.7 27.4 0 0 0 74.29 
1 0.609 42.1 27.3 198 0 0 73.76 
2 0.831 60.1 26.8 808 0 0 72.99 
3 1.920 84.7 26.4 1053 0 0 71.82 
4 1.244 88.6 38.9 1354 0 0 69.99 
5 1.332 72.8 37.9 1447 0 0 67.80 
6 1.357 0.0 30.9 1269 0 0 65.74 
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Table 38. Off-gas composition during Run 33 
Elapsed 
time Volume percent 
hr «2 CO CO2 
1.00 51. 28 32.05 16.67 
2.00 63. 29 24.92 11.79 
3.00 58. 57 31.58 9.85 
4.00 62. 03 24.91 13.06 
5.00 59. 70 24.85 15.45 
6.00 60. 56 19.79 19.65 
Table 39. Operating data during Run 35 
Pressure 
Electrical data 
&P 
across 
6P 
at 
Time Temperature °F AC KVA R KWH filters meter 
hr A B C D volts n cm Hg cm Hg 
0 — — — — 282 3.0 26.4 0.00 0.0 0.9 
1 — — — — 282 6.3 12.6 4.68 0.0 0.2 
2 — — — - 282 4.39 18.1 5.95 2.1 2.6 
3 1202 1014 — 502 282 4.11 19.3 5.99 2.2 2.0 
4 1308 1010 — 598 282 6,98 11.4 5.34 1.6 2.0 
5 1355 1044 — 663 282 7.18 11.1 8.23 2.0 2.2 
6 1377 1108 — 731 282 8.61 9.2 8.25 1.7 2.0 
7 1430 1129 — 808 282 6.41 12.8 7.43 1.6 2.2 
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Table 40. Material flow during Run 35 
Time 
hr 
Off-gas data 
Rate production 
ft^/min ft3 
Water 
feed 
rate 
cm^/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt % 
carbon in 
bed 
0 0.172 0 39.3 0 0 0 83.03 
1 0.410 18.8 35.9 0 0 0 82.89 
2 0.542 47.5 45.4 260 0 0 82.51 
3 0.509 34.7 46.5 649 0 0 82.22 
4 1.214 60.8 46.4 1643 0 0 81.70 
5 1.470 86.7 37.0 2486 0 0 80.89 
6 1.617 106.5 33.1 2798 0 0 79.80 
7 1.460 86.4 35.3 2805 0 0 78.82 
Table 41, Off-gas composition during Run 35 
Elapsed 
time Volume percent 
hr CO CO 2 
2.00 48.69 24.13 27.18 
3.00 54.17 26.03 19.03 
4.00 68.53 14.61 16.86 
7.00 66.67 21.79 11.54 
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Table 42. Operating data during Run 36 
Pressure 
AP AP 
Electrical data across at 
Time Temperature Op AC KVA R KWH filters meter 
hr À B C D volts n cm Hg cm Hg 
0 670 637 — 562 200 7.74 5.17 0 0.7 1.0 
1 829 710 — 567 190 7.03 5.14 5.89 2.2 2.2 
2 942 774 — 562 135 6.61 2.76 7.00 0.7 0.9 
3 1048 834 — 594 163 7.31 3.64 7.10 1.0 1.2 
4 1172 930 — 658 142 3.75 5.38 6.46 0.9 1.2 
Table 43. Material flow during Run 36 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min ft^ cm^/min gms gms gms bed 
0 0 0 34.2 0 0 0 83.03 
1 0.558 24.5 32.5 25 0 0 82.92 
2 0.850 43.8 35.2 398 0 0 82.73 
3 1.199 74.7 38.8 1392 0 0 82.40 
4 1.184 70.0 37.7 2400 0 0 82.07 
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Table 44. Off-gas composition during Run 36 
Elapsed 
time Volume percent 
hr CO CO^ 
0 61.72 29.75 8.53 
1 67.80 21.46 10.74 
2 72.42 19.54 8.04 
3 66.62 26.29 7.09 
4 66.61 24.42 8.97 
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Table 45. Operating data during Run 37 
Pressure 
ÛP A? 
Electrical data across at 
Time Temperature °F AC KVA R KWH filters meter 
h r  A  B C D  v o l t s  Q  c m  H g  c m  H g  
0 701 
1 868 
2 947 
3 998 
4 1108 
5 1100 
6 1168 
7 1321 
8 1329 
9 1346 
9.50 1368 
598 - 492 
654 - 528 
740 - 598 
812 - 658 
902 - 728 
916 - 778 
980 - 817 
1210 - 876 
1193 - 916 
1333 - 993 
1329 - 1010 
155 2.83 
278 9.31 
275 8.45 
278 6.42 
278 5.51 
276 6.50 
276 6.53 
221 6.63 
221 6.56 
211 7.26 
0 
8.47 0.0 
8.32 6.57 
8.96 5.61 
12.03 5.77 
14.04 5.90 
11.69 5.73 
11.69 6.89 
7.39 8.55 
7.44 5.55 
6.13 7.06 
0.6 0.5 
0.5 0.2 
0.5 0.3 
0.5 0.4 
0.9 1=0 
1 .1  1 .0  
1.4 1.4 
1.9 1.8 
1.7 1.7 
3.2 3.1 
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Table 46. Material flow during Run 37 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft^/min ft^ cm^/min gms gms gms bed 
0 0.146 
1 0.622 
2 0.751 
3 0.910 
4 1.238 
5 1.783 
6 2.109 
7 2.028 
8 1.850 
9 2.441 
9.50 
0 50.3 
18.9 49.0 
27.4 49.8 
41.1 47.3 
48.5 60.2 
73.6 57.9 
99.5 63.2 
116.8 66.4 
127.4 58.0 
111.3 83.7 
35 0 
275 0 
886 0 
1439 0 
2188 1302 
2897 2604 
3035 2604 
3654 2604 
3316 2604 
3830 2604 
2280 0 
0 83.56 
0 83.39 
0 83.14 
0 82.75 
0 82.37 
0 81.91 
127 81.32 
1583 80.68 
1202 79.99 
2320 79.49 
0 77.30 
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Table 47. Off-gas composition during Run 37 
Elapsed 
time Volume percent 
hr CO COg 
0 25.95 47.74 26.31 
1 43.63 35.16 21.21 
2 40.50 21.84 37.66 
3 53.85 24.69 21.46 
4 42.05 17.83 40.12 
5 42.16 26.65 34.19 
6 40.81 24.21 34.98 
7 39.73 22.64 37.63 
8 44.84 24.69 30.47 
9 43.84 22.13 35.03 
9.5 — — — 
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Table 48. Operating data during Run 38 
Pressure 
AP A? 
Electrical data across at 
Time Temperature °F AC KVA R KWH filters meter 
h r  A  B C D  v o l t s  Q  c m  H g  c m  H g  
0 380 380 - 350 
1 475 410 - 380 
2 500 490 - 425 
3 630 590 - 530 
4 760 700 - 630 
5 870 830 - 710 
6 950 885 - 780 
7 1410 1340 - 1250 
8 1080 1040 - 940 
9 1130 1040 - 950 
10 1190 1140 - 1000 
200 5.09 7.87 
150 3.48 6.47 
170 4.84 5.96 
162 5.76 4.56 
127 5.94 2.71 
114 2.96 3.28 
120 5.21 2.77 
274 9.06 8.28 
274 8.45 8.87 
274 6.43 11.66 
274 9.06 8.28 
0 0 0 
3.38 0 0 
4.02 0.2 0.2 
6.03 0.2 0.2 
5.19 0 0.1 
5.31 0.7 0.8 
4.25 0.4 0.2 
6.20 0.4 0.5 
7.41 1.5 1.5 
7.58 3.4 3.3 
9.43 4.0 4.0 
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Table 49, Material flow during Run 38 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min ft^ cm^/min gms gms gms bed 
0 0.460 0 43.0 0 0 0 80.01 
1 0.150 13.1 38.2 22 0 0 79.86 
2 0.188 11.3 43.1 45 0 0 79.73 
3 0.270 18.2 39.3 153 0 0 79.52 
4 0.605 29.3 47.9 500 0 0 79.16 
5 0.478 29.9 47.8 827 0 0 78.79 
6 0.616 32.4 43.2 1039 0 0 78.36 
7 1.249 58.0 52.2 1929 0 0 77.56 
8 1.528 82.1 54.6 2378 0 0 76.33 
9 1.702 103.7 64.6 2687 0 0 74.55 
10 1.724 130.0 38.0 2632 0 0 71.91 
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Table 50. Operating data during Run 41 
Pressure 
AP across AP at 
Time Temperature H*E meter 
hr A B C D cm Hg cm Hg 
0 730 530 — • 475 0 0 
1 750 535 — 425 0 0 
2 900 550 — 450 0 0 
3 960 560 — 470 0 0 
4 990 590 — 500 0 0 
5 1350 650 — 520 0.2 0 
6 1570 740 — 570 0.3 0 
7 1390 810 — 610 0.3 0.1 
8 1245 810 — 625 0.3 0.1 
9 1290 850 — 650 0.3 0.1 
10 1380 1080 — 740 0.3 0.1 
Table 51. Operating data during Run 41 ; electrical data 
Phase 1 Phase 2 Phase 3 
Lme 
iir 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
0 50 26 0 11.5 50 26 0 11.5 50 26 0 N.R. 
1 50 30 0.49 11.5 50 30 0.71 11.5 25 30 1.45 N.R. 
2 55 35 0.71 11.5 150 0 0.39 11.5 55 30 0.77 N.R. 
3 40 35 0.53 — 55 35 1.79 — 50 35 0.89 N.R. 
4 — N.R. 0.66 — N.R. N.R. 0.01 — — — 0.52 N.R. 
5 — 50 0.81 8 N.R. 50 0.70 8 — 50 0.68 N.R. 
6 — 45 0.60 8 N.R. 45 0.50 8 — 45 0.55 N.R. 
7 — 34 0.46 ' — N.R. N.R. 0.45 — — — 0.50 N.R. 
8 — N.R. N.R. — N.R. N.R. N.R. — — — — N.R. 
9 190 34 2.25 10 0 0 1.55 10 0 0 1.40 N.R. 
LO 200 20 2.97 — 210 10 0.30 — 210 8 0.10 N.R. 
LI 110 25 1.92 8.5 150 13 2.36 8.5 145 25 1.88 N.R. 
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Table 52. Material flow during Run 41 
Time 
hr 
Off-gas data 
Rate production 
ft3/min ft3 
Water 
feed 
rate 
cm^/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt 7o 
carbon in 
bed 
0 0 0 44.9 0 0 0 79.11 
1 0.468 19.3 44.9 204 0 0 78.93 
2 0.227 19.4 48.9 753 0 0 78.74 
3 0.577 24.8 48.9 1237 0 0 78.49 
4 0.359 27.3 48.9 1698 0 0 78.22 
5 0.690 31.8 47.8 2021 0 0 77.89 
6 0.628 33.6 46.4 1948 0 0 77.53 
7 0.515 31.7 50.6 2033 0 0 77.18 
8 0.857 37.1 51.0 1961 0 0 76.75 
9 1.048 44.4 49.0 2253 0 0 75.50 
10 1.322 57.2 50.3 2400 0 0 73.95 
11 1.470 112. 2 32.3 1705 0 0 72.52 
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Table 53. Operating data during Run 42 
Pressure 
ÛP across at 
Time Temperature °F H*E meter 
hr A B C D cm Hg cm Hg 
0 690 930 - 810 0 0 
1 1240 1290 - 820 0.4 0.3 
2 1510 1245 - 920 0.4 0.3 
3 2005 2005 - 1190 0.7 0.7 
4 1920 1920 - 1590 0.7 0.9 
5 1920 1920 - 1725 0.7 0.9 
6 1910 1910 - 1720 0.7 0.7 
7 1720 1720 - 1460 0.7 0.7 
Table 54. Operating data during Run 42; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap ' AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps in. 
0 190 35 0 10.5 0 N.R. 0 10.5 N.R. N.R. 0 10.5 
1 197 35 2.89 10.5 0 N.R. 0 10.5 N.R. N.R. 0 10.5 
2 300 6-9 1.99 10.5 300 6-9 0.50 10.5 300 6-9 0.41 10.5 
3 220 15-30 2.49 9 220 15-20 1.55 8.5 220 15-20 1.96 9 
4 215 12 2.51 9 235 9 1.18 8.5 235 9 1.42 9 
5 245 12 0.52 9 260 9 1.16 8.5 260 9 1.31 9 
6 250 10 1.40 10.25 280 6 1.01 8.0 250 9 1.26 9 
7 300 5 N.R. N.R. 300 5 N.R. N.R. 300 5 N.R. N.R. 
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Table 55. Material flow during Run 42 
Time 
hr 
Off-gas data 
Rate production 
ft3/min ft3 
Water 
feed 
rate 
cm^/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt % 
carbon in 
bed 
0 0 0 41.0 0 0 0 76.56 
1 0.978 36.5 38.5 270 0 0 75.89 
2 0.435 39.2 41.6 564 703 0 75.23 
3 1.880 88.9 41.6 854 0 0 73.47 
4 1.701 134.1 40.6 1022 0 0 70.29 
5 2.231 146.6 40.2 1311 0 0 65.81 
6 3.117 159.2 43.8 1043 0 0 59.11 
7 0.937 149.2 35.3 972 0 0 49.92 
Table 56. Off-gas composition during Run 42 
Elapsed 
:i=s Vol'-nne percent 
hr CO CO. 
0 62.15 23.43 14.42 
1 57.05 30.67 12.28 
2 50.70 38.20 11.10 
3 59.05 27.72 13.23 
4 52.49 36.06 11.45 
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Table 57, Operating data during Run 43 
Pressure 
Time 
hr 
Temperature °F 
A B C 
AP across 
H'E 
cm Hg 
AP at 
meter 
cm Hg 
0 570 550 540 0.2 0.2 
1 730 590 560 0.4 0.3 
2 820 650 570 0.4 0.4 
3 1140 700 590 0.4 0.4 
4 960 740 650 0,7 0.5 
5 1380 860 700 0.7 0.6 
6 1730 1320 790 3.3 3.2 
7 1935 1140 890 3.4 3.6 
8 1720 1470 980 2.1 2.4 
9 1590 1350 1000 2.8 2.6 
10 1900 1715 1085 2.0 1.8 
11 1860 1780 1160 2.0 1.7 
12 1645 1580 1175 2.0 2.0 
Thermocouples location: A — 10 in, 
bottom; C 
above 
— 1 in. 
bottom; B — 5 in. 
, above bottom. 
above 
Table 58. Operating data during Run 43; electrical data 
Phase 1 Phase 2 Phase 3 
rime AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps In. volts amps in. 
0 — — 0 15.5 — — 0 — — — 0 — 
1 — — 0 15.5 — — 0 — — — 2.62 — 
2 — — 0 15.5 — - 0 — — — 2.41 — 
3 — — 0 15.5 — — 0 — — — 3.48 — 
4 — — 0.88 15.5 — — 0.05 — — — 0.71 — 
5 250 3 1.70 11.5 250 6 1.81 10 250 5 0.68 9.5 
6 — — 1.56 11.5 N.R. N.R. 1.58 10 N.R. N.R. 1.85 9.5 
7 250 14 1.42 9.5 250 14 2.14 9 250 14 2.07 8.5 
8 300 10 1.42 9.5 300 9 1.18 9 300 6 0.92 8.5 
9 300 8 2.22 — 300 4 0.78 9 300 3 0.58 8.5 
10 250 18 1.26 9.5 250 11 1.62 8.5 300 9 1.32 8.5 
11 240 11 2.27 10.5 250 4 0.77 8.5 300 4 0.51 8.5 
12 280 15 — 10.5 300 0 — 8.5 300 0 — 8.5 
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Table 59. Material flow during Run 43 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min ft^ cm^/min gms gms gms bed 
0 0 0 41.3 0 0 0 76.93 
1 0,326 28.4 39.8 158 0 0 76.62 
2 0.443 26.6 58.3 344 0 0 76.33 
3 0.517 37.5 59.9 1074 0 0 75.90 
4 1.178 57.5 65.1 1479 0 0 75.21 
5 1.995 143.0 73.8 2430 0 0 73.30 
6 4.365 205.5 75.1 1899 0 0 69.99 
7 4.092 211.4 75.7 2673 0 0 65.61 
8 2.128 253.0 55.2 2409 0 0 bl.25 
9 1.644 143.9 46.0 1658 1200 0 57.98 
10 2.321 175.6 42.8 1238 0 0 51.69 
11 3.118 1 A -» O iT/ # w 41.8 1123 m n 44.72 
12 1.381 96.9 42.8 1396 0 0 38.94 
13 N.R. N.R. N.R. N.R. N.R. N.R. 38.89 
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Table 60. Off-gas composition during Run 43 
Elapsed 
time Volume percent 
hr Hg CO COg 
4.00 50.68 25.67 23.65 
5.00 60.67 28.10 11.23 
7.00 51.64 34.70 13.66 
8.25 57.81 29.42 12.77 
11.00 62.20 16.47 21.33 
13*00 58.13 25.66 16.21 
hr 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12 
13 
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Operating data during Run 44 
Pressure 
Temperature F 
B 
AP across 
H-E 
cm Hg 
AP at 
meter 
cm Hg 
850 
1530 
1630 
1370 
1336 
1530 
1840 
1900 
1895 
1900 
1900 
1900 
1910 
1880 
1900 
856 
1370 
1330 
1320 
1200 
1270 
1840 
1895 
1870 
1900 
1880 
1890 
1910 
1880 
1900 
700 
820 
960 
1000 
1040 
1070 
1370 
1560 
1560 
1480 
1370 
1510 
1540 
1550 
1500 
0 
0 
0 . 2  
0.1  
3.5 
1.0 
2.0 
2 . 2  
2 . 6  
1.8  
1 . 6  
2.0 
2 . 2  
2.3 
2 . 6  
0 
0 
0 . 2  
0 . 1  
3.5 
0.7 
2.0  
2.1 
2 .6  
1.8  
1.5 
1 .8  
2 . 2  
2.3 
2.6  
Table 62. Operating data during Run 44; electrical data 
Phase 1 Phase 2 Phase 3 
rime AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps in. 
0 - — 0 8 — — 0 8.0 — — 0 8.0 
1 — — 1.21 8.5 — — 0.38 8.5 — — 0.65 8.5 
2 — — 0.48 10.5 100 30 1.23 10.5 — — 0 10.5 
3 — — 0.28 — — — 1.18 — — — 0.85 N.R. 
4 — — 0.71 — — — 1.52 — — — 1.90 N.R. 
5 — — 1.14 — — — 0.70 — — — 2.41 N.R. 
6 180 14.7 2.18 12.0 180 12.4 2.06 12.0 180 12.7 1.07 12.0 
7 150 13.7 2.17 12.0 150 10.8 1.82 12.0 150 14.6 2.12 12.0 
8 140 8.6 1.78 12.0 145 8.0 1.62 12.0 140 9.8 2.10 12.0 
9 130 8.8 1.42 12.0 130 6.1 1.28 12.0 130 7.5 0.65 12.0 
10 140 8.0 1.31 13.5 140 8.0 1.32 12.5 140 9.8 1.73 12.5 
11 160 9.5 1.60 13.5 150 8.9 1.44 12.5 145 9.5 1.60 12.5 
12 160 10.8 1.70 13.5 160 11.6 1.70 12.5 155 11.8 1.63 12.5 
Table 62. (Continued) 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps in. 
13 155 10.Ç) 1.62 13.5 155 11.2 1.57 12.5 155 11.3 1.69 12.5 
14 210 13.0 2.76 13.5 210 12.4 2.59 - - 0.04 N.R. 
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Table 63. Material flow during Run 44 
Off-gas data 
Time Rate production 
hr ft3/min ft^ 
Water 
feed 
rate 
cm^/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt % 
carbon in 
bed 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12 
13 
14 
0 
0.446 
0.705 
0.467 
2.110 
1.063 
3.455 
3.074 
2.892 
1.937 
1.735 
3.482 
3.791 
3.215 
4.011 
0 
30.1 
33.5 
36.9 
112.6 
111.9 
179.0 
227.9 
200.6 
169.9 
150.2 
1 0-7 -? X.SJ t * t 
197.9 
209.3 
211.7 
42.7 
41.3 
42.8 
53.7 
58.8 
56.7 
80.3 
66.1  
62 .1  
50.2 
43.1 
57 S 
57.7 
58.6 
57.8 
0 
158 
504 
768 
1712 
3519 
1990 
2190 
1875 
2210 
2780 
1851 
1849 
1805 
1620 
0 
0 
0 
0 
588 
0 
0 
2350 
2350 
2350 
2350 
2350 
2350 
2350 
2350 
0 
0 
0 
0 
0 
0 
0 
152 
222 
148 
420 
626 
541 
468 
645 
77.3 
76.9 
76.6 
76.2 
75.1 
73.6 
70.9 
69.4 
68.6  
68.3 
68.3 
67.9 
67.3 
66.7 
66.0 
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Table 64, Off-gas composition during Run 44 
Elapsed 
time Volume percent 
hr Hg CO COg 
1 63.75 26.61 9.64 
2 64.03 25.54 10.43 
3 65.04 30.95 4.01 
4 56.55 33.31 10.14 
5 46.19 38.37 15.45 
6 49.79 32.44 17.76 
7 53.54 29.52 16.94 
9 59.43 29.40 11.17 
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Table 65. Operating data during Run 45 
Pressure 
ZiP across AP at 
Time Temperature °F H.E meter 
hr A B D cm Hg cm Hg 
0 692 668 714 0 0 
1 1065 972 735 0.2 0.2 
2 1316 920 727 0.2 0.2 
3 1628 1628 933 1.2 0.6 
4 1773 1773 1332 2.5 2.3 
5 1814 1814 1486 4.0 4.0 
6 1860 1860 1376 4.0 4.0 
7 1869 1869 1478 4.5 4.7 
8 1831 1831 1516 4.7 4.7 
9 1933 1933 1575 4.5 4.7 
Table 66. Operating data during Run 45; electrical data 
Phase 1 Phase 2 Phase 3 
ime AC AC KWH Gap AC AC ' KWH Gap AC AC KWH Gap 
Kr volts amps in. volts amps in. volts amps in. 
0 — — 1.19 7 — — 0 ' 7 — — 0 7 
1 300 3.3 0.87 7 300 2.9 0.80 7 300 4.7 0.92 7 
2 250 5.1 2.15 7 250 5.6 1.09 7 250 9.5 2.48 7 
3 200 6..'> 2.20 7 200 7.7 2.39 7 200 6.9 1.61 7 
4 180 10.1 3.21 7 180 12.0 2.61 7 180 8.0 1.96 7 
5 180 14.9 1.13 7 180 17.9 2.42 7 180 2.2 2.05 7 
6 N.R. N.R., 1.96 7 N.R. N.R. 2.29 7 N.R. — 1.93 7 
7 150 9.9 1.76 7 130 10.5 2.01 7 150 8.3 1.79 7 
8 160 9.0 1.76 7 160 11.6 2.16 7 160 7.2 1.47 7 
9 165 13.!) 1.86 7 165 16.4 3.26 7 165 11.4 1.60 7 
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Table 67. Material flow during Run 45 
Off-gas data 
Water 
feed Water Char Char Wt % 
Time 
hr 
Rate production 
ft3/min ft3 
rate 
cmr/min 
condensed 
gms 
feed 
gms 
overflow 
gms 
carbon in 
bed 
0 0 0 68.5 0 0 0 71.5 
1 0.456 24.2 83.8 946 0 0 71.4 
2 1.764 69.2 50.3 1525 3092 0 73.6 
3 3.255 177.8 80.4 1521 3092 24 74.1 
4 3.116 233.0 81.1 1431 3092 407 75.4 
5 3.665 257.9 79.7 1098 3092 748 74.9 
6 2.981 252.1 60.0 1071 3092 846 74.2 
7 4.288 243.2 59.1 1244 3GS2 1 CTA 73 = 7 
8 3.954 230.9 62.6 1192 3092 1214 73.6 
9 3.562 218.1 53.9 1116 3092 1210 73.5 
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Table 68. Off-gas composition during Run 45 
Elapsed 
time Volume percent 
hr CO CO^ 
1 68.46 24.79 6.76 
2 56.46 37.61 5.93 
3 59.46 30.91 9.63 
4 56.39 34.84 8.77 
5 56.87 33.54 9.59 
6 56.57 31.68 11.75 
7 59.14 30.87 9.99 
8 58.02 29.99 11.99 
9 59.16 34.61 6.23 
hr 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12 
13 
14 
15 
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Operating data during Run 46 
Temperature °F 
B 
Pressure 
AP across 
H-E 
cm Hg 
AP at 
meter 
cm Hg 
676 
749 
1309 
1490 
1773 
1924 
1896 
1868 
1900 
1887 
1S6S 
1915 
1915 
1910 
1755 
615 
654 
1018 
1104 
1338 
1773 
1924 
1896 
1868 
1900 
1887 
1S5S 
1915 
1915 
1910 
1733 
597 
620 
662 
693 
693 
774 
950 
1142 
1545 
1440 
1372 
1321 
1380 
1482 
1465 
1355 
0 
0 
0 . 2  
0 
0.3 
0.4 
0 . 6  
0.5 
0 . 6  
0 . 8  
0 . 6  
0.7 
0 .6  
0.7 
0.7 
0.7 
0 
0 
0 
0 
0 
0 . 2  
0.7 
0.4 
0.4 
0.7 
0.7 
0.5 
0.7 
0 . 6  
0.7 
0 . 6  
Tab 
Tim 
hr 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
70, Operating data during Run 46; electrical data 
Phase 1 Phase 2 Phase 3 
AC 
/olts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
— 
— 0 7 — — 0 7 — 0 — 7 
62 30 0.90 7 0 0 0 7 0 0 0 7 
190 37 2.71 7 0 0 0 7 / 0 0 0 7 
160 30 2.94 7 0 0 0 7 0 0 0 7 
130 20 0.69 7 130 15 2.21 7 130 15 0.40 7 
220 15-20 2.38 7 220 15-20 1.94 7 220 15-20 1.78 7 
170 25 2.31 7 170 35 2.56 7 170 30 3.47 7 
195 23 2.10 7 195 23 2.25 7 195 23 1.12 7 
180 35 2.28 7 180 35 2.36 7 180 35 2.04 7 
155 35 3.13 7 155 35 2.25 7 155 30 1.91 7 
140 25 0.87 7 140 30 2.06 7 140 25 1.67 7 
120 30 1.72 7 120 30 1.98 7 120 25 1.67 7 
135 30 1.93 7 135 35 2.17 7 135 25 1.78 7 
130 30 1.78 7 130 35 2.02 7 128 25 1.58 7 
Table 70. (Continued) 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap ' AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps In. 
14 125 35 1.82 7 130 35 2.12 7 125 30 1.72 7 
15 140 35 1.93 7 140 40 2.17 , 7 150 10 0.48 7 
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Table 71. Material flow during Run 46 
Off-gas data 
Time Rate production 
hr ft^/min ft3 
Water 
feed 
rate 
cm^/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt % 
carbon in 
bed 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
0 
0.199 
0.363 
0.685 
1.332 
3.567 
5.432 
4.359 
6.594 
3.841 
4.685 
3.628 
3.578 
5.001 
4.494 
4.591 
0 
18.8 
19.7 
30.3 
51.4 
167.4 
257.2 
286.0 
322.7 
278.1 
237.2 
234.1 
240.0 
245.8 
335.9 
140.5 
71.5 
72.1 
131.6 
74.6 
97.9 
87.2 
77.6 
79.6 
80.8 
58.0 
55.8 
55.3 
59.3 
59.9 
58.8 
59.6 
774 
57 
1302 
2234 
2632 
2688 
1522 
1349 
1289 
1259 
1236 
1241 
1271 
1357 
1457 
1349 
0 
0 
0 
0 
0 
0 
3384 
3384 
3384 
3384 
3384 
3364 
3384 
3384 
3384 
3384 
0 
0 
153 
2710 
1778 
0 
0 
1963 
0 
0 
0 
0 
0 
0 
0 
0 
75.92 
75.77 
75.62 
75.37 
74.87 
72.27 
71.43 
70.14 
69.54 
69.48 
69.47 
69.40 
69.29 
68.38 
69.22 
68.79 
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Table 72. Off-gas composition during Run 46 
Elapsed 
time Volume percent 
hr CO CO^ 
2 54.29 10.72 34.99 
3 60.72 15.23 24.05 
4 66.92 9.29 23.79 
5 66.86 7.27 25.87 
6 46.02 51.55 2.43 
7 51.76 40.41 7.83 
8 45.36 44.51 10.13 
9 41.54 47.22 11.25 
10 44.13 44.04 11.83 
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Table 73. Operating data during Run 47 
Pressure 
AP across ÙP at 
Time Temperature °F H'E meter 
hr A B D cm Hg cm Hg 
0 735 783 
1 950 994 
2 1345 1312 
3 1230 1074 
4 1460 1058 
5 1715 1715 
6 1820 1820 
7 1891 1891 
8 1837 1837 
9 1864 1864 
10 1864 1864 
11 1676 1864 
12 1837 1837 
13 1787 1787 
14 1377 1372 
795 0 0 
889 0 0 
946 0 0 
913 0.2 0 
900 0.5 0.4 
1317 0.5 0.5 
1400 0.8 0.6 
1446 0.8 0.8 
1456 1.2 1.3 
1470 1.3 1.4 
1482 0.8 0.7 
1473 0.8 0.7 
1470 0.8 0.7 
1430 0.8 0.5 
1245 0.5 0.3 
Table 74. Operating data during Run 47; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AG AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps in. 
0 200 21 0 8 000 8 000 8 
1 0 0 1.22 8 280 17 1.17 8 0 0 0 8 
2 270 12 1.48 8 270 9 1.58 8 270 10 10.47 8 
3 300 3.5 0.64 8 300 3.8 0.71 8 300 3.8 0.74 8 
4 300 - 1.54 8 300 - 1.51 8 300 - 1.83 8 
5 200 15 2.06 8 200 12 2.00 8 200 12 1.89 8 
6 200 18 2.45 8 200 18 2.46 8 200 16 2.12 8 
7 150 25 2.57 8 150 25 2.59 8 150 15 2.23 8 
8 250 35 3.12 8 0 0 0.92 8 246 30 2.34 8 
9 240 28 3.35 8 240 20 3.21 8 0 0 0 8 
10 250 28 3.48 8 250 28 3.27 8 0 0 0 8 
11 270 25 3.15 8 270 25 3.01 8 0 0 0 8 
12 275 25 3.14 8 270 23 3.01 8 0 0 0 8 
13 300 28 2.94 8 300 28 2.82 8 0 0 0 8 
14 300 3 0.90 8 300 3 0.92 8 0 0 0 8 
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Table 75. Material flow during Run 47 
Off-gas data 
Time Rate production 
hr ft3/min ft3 
Water 
feed 
rate 
cm^/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt % 
carbon in 
bed 
0 0 0 60.5 687 
1 0.327 15.7 76.8 359 
2 0.944 44.5 82.2 1694 
3 1.392 91.7 60.6 1528 
4 2.685 135.7 75.2 1344 
5 5.467 279.6 75.6 1321 
6 4.326 267.9 76.2 1333 
7 4.960 306.1 73.6 1492 
8 5.763 311.6 74.2 1376 
9 5.477 320.8 73.3 1258 
10 6.056 329.9 73.3 1371 
11 5.347 330.7 74.6 1072 
12 5.356 332.7 74.2 1048 
13 5.000 335.3 73.6 923 
14 3.038 235.2 67.4 1468 
0 
0 
0 
3594 
3594 
3594 
3594 
3594 
3594 
3594 
3594 
3594 
3594 
3594 
3594 
0 
0 
0 
1562 
1616 
1944 
1506 
1668 
1304 
1803 
1585 
1713 
611 
2152 
364 
69.96 
69.70 
68.95 
71.50 
72.95 
72.47 
72.16 
71.36 
70.49 
69.52 
68.38 
67.23 
66.03 
64.90 
66.48 
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Table 76. Off-gas composition during Run 47 
Elapsed 
time Volume percent 
hr «2 CO CO2 
1 66.83 20.37 12.80 
3 59.89 19.68 20,43 
4 59.47 30.50 10.03 
5 59.82 33.88 6.29 
6 62.64 31.31 6.04 
7 61.88 32.80 5.32 
8 54.84 35.32 9.84 
9 58.89 35.76 5.35 
10 60.15 34.58 5.24 
11 58.41 36.25 5.34 
12 58.91 35.59 5.51 
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Table 77. Operating data during Run 49 
Pressure 
Time 
hr 
Temperature °F 
B 
AP across 
H-E 
cm Hg 
AP at 
meter 
cm Hg 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1 
12 
13 
770 
1040 
1086 
1244 
1859 
1919 
1910 
1914 
1882 
1877 
1873 
1SS7 
1787 
1756 
773 
397 
598 
615 
680 
917 
1010 
1023 
1035 
1035 
1023 
1014 
980 
959 
645 
253 
392 
370 
493 
537 
598 
589 
650 
650 
663 
688 
663 
663 
0 
0 
0 
0 
0.2 
0.3 
0.4 
0.6 
0.6 
0 . 6  
0.7 
0.-7 
0.7 
0.7 
0 
0 
0 
0 
0 .1  
0 . 2  
0.3 
0 . 6  
0 . 6  
0.6 
0.7 
0.7 
0.7 
0.7 
Table 78. Operating «lata during Run 49; electrical data 
Phase 1 Phase 2 Phase 3 
Time 
hr 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gsip 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
0 250 23 0.0 8 0 0 0.0 8 0 0 0.0 8 
1 270 12 1.79 8 270 5 1.00 8 270 12 1.09 8 
2 280 15 1.82 8 280 14 1.46 8 280 11 1.33 8 
3 280 11 1.86 8 280 10 1.75 8 280 9 1.47 8 
4 250 20 2.18 8 250 15 1.93 8 250 15 1.97 8 
5 220 30 2.73 8 220 25 2.33 8 220 20 2.41 8 
6 180 30 2.68 8 180 25 2.14 8 180 20 2.24 8 
7 200 30 2.60 8 200 25 2.22 8 200 20 2.31 8 
8 150 25 2.66 8 150 20 2.26 8 150 20 2.29 8 
9 170 30 2.63 8 170 20 2.09 8 170 20 2.22 8 
10 150 25 1.62 8 150 20 2.13 8 150 20 2.40 8 
11 160 35 2.88 8 160 20 2.17 8 160 15 2.44 8 
12 190 35 3.01 8 190 11 1.65 8 190 30 2.65 8 
13 230 30 3.07 8 230 6 0.74 8 200 25 2.72 8 
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Table 79. Material flow during Run 49 
Off-gas data 
Time Rate production 
hr ft^/min ft3 
Water 
feed 
rate 
cm^/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt 7, 
carbon in 
bed 
0 0 0 84.4 
1 0.30 27.4 105.2 
2 1.30 61.9 73.6 
3 1.66 115.5 72.5 
4 3.23 147.4 61.9 
5 4.34 242.7 70.9 
6 5.06 258.8 70.5 
7 4.90 301.7 72.3 
8 5.95 309.7 65.8 
9 5.07 329.6 71.7 
10 5.39 318.3 70.8 
C 11 322.6 71.4 
12 5.04 331.0 72.7 
13 5.81 321.7 72.7 
14 34.7 
2077 
1340 
2585 
2517 
1833 
1531 
1366 
1537 
1410 
1571 
1336 
1390 
1179 
1052 
422 
0 
0 
3822 
4410 
0 
1103 
4410 
4410 
4410 
4410 
4410 
4410 
4410 
809 
0 
0 
0 
939 
2672 
479 
88 
330 
869 
821 
1218 
1223 
2038 
3095 
2781 
0 
80.42 
80.14 
80.21 
79.95 
78.59 
76.33 
75.39 
74.25 
73.16 
71.33 
70.57 
69 ..78 
66.17 
65.53 
65.53 
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Table 80. Off-gas composition during Run 49 
Elapsed 
time Volume percent 
hr Hg CO CO^ 
1 67.24 7.93 24.83 
2 61.33 25.20 13.47 
3 58.58 24.00 17.40 
4 54.30 36.65 9.05 
5 63.83 28,87 7.30 
Ô 48.15 38.99 12.86 
8 53.65 40.11 6.24 
9 53.62 40.82 5.56 
10 56.07 38.76 5.17 
11 51.47 43.78 4.74 
12 51.36 43.88 4.75 
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Table 81. Operating data during Run 50 
Pressure 
AP across ÛP at 
Time Temperature °F H»E meter 
hr A B D cm Hg cm Hg 
0 804 693 
1 1057 710 
2 1381 1167 
3 1430 1346 
4 1408 980 
5 1593 925 
6 1809 1006 
7 1751 1659 
8 1760 1655 
9 1756 1663 
10 1 646 1549 
11 1530 1425 
593 0.1 0.1 
602 0.1 0.1 
623 0.1 0.1 
641 0.1 0.1 
654 0.1 0.^ 
688 0.1 0.1 
743 0.3 0.2 
684 0.7 0.6 
714 0.8 0.7 
744 0.8 0.8 
748 0.8 0.7 
Table 82, Operating data during Run 50; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap ' AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps in. 
0 300 10 0 8 300 10 0 8 300 10 0 8 
1 300 3 0.79 8 300 3 0.97 8 300 3 1.10 8 
2 300 4 1.36 8 300 4 1.39 8 300 4 1.42 8 
3 300 5 0.96 8 300 5 1.02 8 300 5 1.18 8 
4 300 5 0.58 8 300 5 0.59 8 300 5 0.73 8 
5 300 15 1.61 8 300 ' 15 1.37 8 300 15 1.97 8 
6 230 20 2.30 8 230 15 1.48 8 230 25 2.63 8 
7 260 20 2.57 8 260 20 2.17 8 260 20 2.78 8 
8 240 20 2.33 8 240 10 2.22 8 220 15 2.56 8 
9 250 20 2.99 8 275 10 2.87 8 205 20 2.55 8 
10 300 12 2.62 8 300 1-2 0.72 8 300 10 2.27 8 
11 300 1-2 0.63 8 300 1-2 0.06 8 300 1-2 0.22 8 
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Table 83. Material flow during Run 50 
Off-gas data 
Time Rate production 
hr ft^/min ft3 
Water 
feed Water Char Char Wt % 
rate condensed feed overflow carbon in 
cm3/min gms gms gms bed 
0 
1 
2 
3 
4 
5 
6 
7 
o 
9 
10 
NIL 0 81.9 0 0 0 78.12 
NIL 18.4 78.2 638 0 0 77.85 
0.15 23.5 82.7 1476 0 0 77.49 
0.40 33.0 78.6 2095 0 0 76.97 
0.31 19.9 76.6 2641 4896 65 78.43 
1.43 80.3 65.8 2489 4896 0 78.76 
2.82 184.2 66.6 2110 4896 219 78.29 
5.04 310.9 92.3 2592 4896 717 77.19 
5.:-? V~l.2 90.7 1872 4896 726 76.10 
4.73 278.5 89.9 1510 4896 1687 75.54 
4.53 318.0 88.6 1590 4896 3999 74.83 
on n loyv 2868 
Table 
Elaps 
time 
hr 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
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Off-gas composition during Run 50 
Volume percent 
CO COg 
62.13 31.41 6.46 
55.29 29.36 15.35 
57.75 35.67 6.57 
\ 60.74 25.25 14.01 
59.07 24.58 16.35 
62.88 12.29 24.83 
56.99 35.25 7.76 
59.97 33.29 6.74 
55.45 39.11 5.44 
55.39 39.55 5.07 
57.08 30.76 12.16 
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Table 85. Operating data during Run 51 
Pressure 
Time 
hr 
Temperature °F 
B 
AP across 
H-E 
cm Hg 
AP at 
meter 
cm Hg 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
657 
1282 
1381 
1504 
1837 
1966 
1877 
1773 
1668 
1535 
1470 
735 
1142 
1074 
1023 
1828 
1910 
1730 
1602 
1500 
1328 
1257 
744 
744 
770 
787 
863 
972 
1002 
1023 
1031 
1031 
1002 
0 
0.2 
0 . 2  
0 . 2  
0.3 
0.5 
0.6 
0.5 
0 . 2  
0 . 2  
0.2 
0 
0.1 
0 . 1  
0 .1  
0.4 
0.4 
0.3 
0.3 
0.3 
0.4 
0.3 
11.5 1403 1214 967 
Table 86. Operating data during Run 51; electrical data 
Phase 1 Phase 2 Phase 3 
rime AC AC KWH Gap AC AC KWH Gap AC AC KWH Ga] 
hr volts amps in. volts amps in. volts amps in 
0 250 15 0 8 250 15 0 8 250 10 0 8 
1 300 3-4 2.44 8 300 9-12 3.32 8 300 6-9 3.44 8 
2 300 4-5 1.22 8 300 8-11 2.52 8 300 7-8 2.02 8 
3 300 13-17 3.30 a 300 10-14 3.04 8 300 10-20 3.46 8 
4 270 15-25 7.28 8 270 10-18 4.20 8 270 15-25 5.50 8 
5 260 15-25 3.34 8 260 15-25 4.16 8 260 15-25 5.12 8 
6 220 10-20 4.32 8 220 10-17 3.82 8 220 10-20 4.12 8 
7 300 15-20 6.40 8 0 0 1.36 8 300 15-20 4.28 8 
8 300 10-12 1.24 a 0 0 0 8 300 10-15 3.74 8 
9 300 10-12 3.26 8 0 0 0 8 300 13 4.06 8 
10 300 10-14 3.30 8 0 0 0 8 300 13-15 3.78 8 
11 300 20-25 4.76 8 0 0 0 8 300 20-30 5.02 8 
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Table 87. Material flow during Run 51 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft^/min ft3 cm^/min gms gms gms bed 
0 0 0 88.9 2773 0 0 77.05 
1 0.3 26.1 77.5 1259 0 0 76.63 
2 0.54 31.4 67.7 2466 2585 704 77.40 
3 1.9 73.0 51.9 2355 3555 1629 77.79 
4 5.0 106.4 83.5 2116 3555 4440 76.70 
5 4.9 252.4 71.3 1753 3555 2023 74.91 
6 4.7 236.0 66*. 6 1291 3555 1749 73.59 
7 3.2 225.1 65.8 1327 3555 1625 72.85 
8 2.5 166.4 66.7 1523 3555 1115 72.80 
9 3.0 163.2 66.7 1824 3555 1721 72.96 
10 3.1 149.8 66.9 1832 3555 1641 73.26 
1 ^  3.5 177.7 65.6 1658 3555 2016 75 = 15 
11.5 — 82.2 — 1222 1725 252 73.15 
Table 
Elaps 
time 
hr 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
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Off-gas composition during Run 51 
Volume percent 
«2 CO C
M
 
8
 
44.09 25.20 30.7 
58.70 32.82 8.41 
56.06 35.88 8.06 
54.88 36.82 8.30 
55.29 36.59 8.12 
54.11 36.56 9.33 
50.88 33.29 15.84 
35.95 52.79 11.24 
53.05 34.70 12.25 
56.73 34.11 9.16 
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Table 89. Operating data during Run 52 
Pressure 
A? across AP at 
Time Temperature °F H'E meter 
hr A B D cm Hg cm Hg 
0 826 826 778 0 0 
1 1279 1076 563 0 0 
2 1483 1330 473 0.1 0.1 
3 1628 1223 441 0.2 0.2 
4 1640 1146 542 0.4 0.5 
5 1579 1257 423 1.1 0.8 
6 1645 1142 475 0.5 0.5 
7 1783 1303 593 0.6 0.7 
8 1726 1381 702 0.7 0.8 
Table 90. Operating data during Run 52; electrical data 
Phase 1 Phase 2 Phase 3 
Time 
hr 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH " Gap 
in. 
0 280 20 0 8 — — 0 8 — — 0 8 
1 300 17 2.17 8 300 25 3.10 8 300 10 1.56 8 
2 250 17 3.08 8 — — 5.94 8 250 13 3.36 
8 
3 300 10 3.06 8 300 20 0.49 8 300 10 3.39 8 
4 300 13 3.41 8 300 20 5.47 8 300 10 2.95 8 
5 300 10 3.06 8 300 15 5.08 8 300 10 2.55 8 
6 300 16 4.36 8 120 23 3.68 8 300 12 2.63 8 
7 250 20 5.60 8 115 25 3.50 8 300 18 4.87 8 
8 — — 3.95 8 160 22 2.90 8 300 20 5.35 8 
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Table 91. Material flow during Run 52 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft^/min ft^ cm^/min gms gms gms bed 
0 0 0 100.1 0 0 0 74.98 
1 N.R. 39.5 100.2 1634 0 0 74.38 
2 1.23 59.3 100.2 3293 0 0 73.42 
3 1.92 108.9 86.4 3907 0 0 71.45 
4 3.87 179.5 84.3 2389 3045 1225 71.17 
5 2.89 191.6 127.0 2563 4060 1423 71.60 
6 3.18 182.6 72.4 2341 4060 1399 72.03 
7 4.82 232.3 72.1 1275 4060 2150 71.75 
8 3.47 206.1 71.8 1109 4060 1958 71.83 
Last 0 291.0 0 659 0 0 66.95 
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Table 92. Operating data during Run 53 
Pressure 
Time Temperature °F 
6P across 
H-E 
AP at 
meter 
hr À B D cm Hg cm Hg 
0 820 890 830 0 0 
1 1390 950 810 0.2 0.2 
2 1710 1240 750 0.2 0.2 
3 1710 1210 730 0.2 0.2 
4 1780 1215 780 0.2 0.2 
5 1790 1220 820 0.2 0.2 
6 1770 1230 850 0.4 0.4 
7 1970 1320 890 0.4 0.4 
8 1760 1300 940 0.4 0.4 
9 1870 1310 950 0.4 0.4 
10 1960 1320 950 0.4 0.4 
11 1540 1300 890 0.3 0.3 
Table 93. Operating data during Run 53; electrical data 
Phase 1 Phase Phase 3 
rime AC AC KWH Gap AC AC KWH Gap AC AC KWH Gai 
hr volts amp 6 in. volts amps in. volts amps in 
0 200 — 0 8 200 — 0 8 200 — 0 8 
1 270 10 3.09 8 270 10 2.25 8 270 20 3.95 8 
2 300 10 3.41 8 300 10 3.46 8 300 13 5.42 8 
3 300 15 4.03 8 300 10 2.94 8 300 10 2.76 8 
4 300 15 5.12 8 300 10 2.67 8 300 10 4.53 8 
5 300 17 4.09 8 300 10 2.75 8 300 10 3.44 8 
6 300 20 5.89 8 300 12 2.77 8 300 13 3.64 8 
7 220 17 4.42 8 220 6 1.59 8 220 10 2.53 8 
8 300 17 4.56 8 300 8 2.33 8 300 11 2.88 8 
9 220 20 5.55 8 220 15 3.72 8 220 13 3.97 8 
10 170 14 3.46 8 170 6 1.36 8 170 9 1.88 8 
11 300 10 2.30 8 300 7 1.71 8 300 7 1.76 8 
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Table 94. Material flow during Run 53 
Off-gas data 
Time Rate production 
hr ft^/min ft3 
Water 
feed 
rate 
cm^/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt 7. 
carbon in 
bed 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Last 
0.0  
0.9 
2.5 
4.2 
3.3 
3.3 
3.4 
3.3 
3.1 
3.6 
2.8 
0 
45 
110 
183 
221 
226 
215 
202 
193 
233 
185 
88.1 
94.2 
91.3 
70.4 
70.2 
64.7 
55.6 
60.6 
60.5 
60.1 
68.2 
qo 1 
0 
1283 
3170 
3680 
1503 
2500 
1384 
1704 
1797 
1203 
1203 
2863 
1862 
0 
0 
0 
0 
1514 
3950 
3950 
3950 
3950 
3950 
3950 
3950 
0 
0 
0 
0 
0 
229 
1318 
1732 
1483 
2312 
2112 
1631 
1890 
0 
76.39 
75.85 
74.44 
71.66 
71.05 
75.23 
78.60 
81.45 
83.77 
85.42 
87.15 
88.72 
88.69 
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Table 95. Off-gas composition during Run 53 
Elapsed 
time Volume percent 
hr FL, 00 COg 
1 57.60 32.14 10.26 
2 55.13 26.80 18.07 
3 54.14 35.25 10.62 
4 54.90 35.50 9.61 
5 58.36 36.06 5.57 
6 58.61 33.57 7.82 
7 58.20 32.04 9.76 
8 57.40 33.02 9.58 
9 55.16 38.17 6.67 
10 57.27 28.79 13.94 
11 58.02 24.86 17.12 
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Table 96. Operating data during Run 54 
Pressure 
AP across AP at 
Time Temperature op H-E meter 
hr A B D cm Hg cm Hg 
0 700 720 
1 1375 1290 
2 1235 1000 
3 1580 1020 
4 1640 1070 
5 1670 1110 
6 1715 1160 
7 1775 1215 
8 1760 1260 
9 1760 1310 
10 1750 1400 
11 1910 1550 
12 1730 1470 
13 1635 1430 
14 1590 1395 
710 0.2 0.2 
770 0.2 0.2 
700 0.1 0.1 
700 0.1 0.1 
720 0.2 0.2 
740 0.1 0.1 
800 0.1 0.1 
860 0.2 0.2 
900 0.2 0.2 
950 0.2 0.2 
980 0.2 0.2 
1040 0.2 0.3 
1055 0.3 0.3 
1055 0.2 0.2 
1030 0.2 0.2 
Table 97. Operating data during Run 54; electrical data 
Phase 1 Phase 2 Phase 3 
rime AC AC KWH Gap AC AC KWH Gap AC AC KWH Gai 
hr volts amps in. volts amps in. volts amps in 
0 250 10 0 3 250 15 0 3 250 15 0 3 
1 300 8 2.16 3 300 20 3.14 3 300 20 3.14 3 
2 300 8 1.89 3 300 8 1.72 3 300 8 1.72 3 
3 300 10 2.59 3 300 10 2.61 3 300 10 2.61 3 
4 300 10 2.67 3 300 6 1.84 3 300 6 1.84 3 
5/ 300 12 3.41 3 300 7 1.91 3 300 7 1.91 3 
6 300 14 3.87 3 300 5 1.70 3 300 5 1.70 3 
7 300 13 3.99 3 300 6 1.33 3 300 6 1.33 3 
8 300 13 3.84 3 300 4 0.98 3 300 4 0.98 3 
9 300 13 3.69 3 300 2 0.88 3 300 2 0.88 3 
10 300 13 3.71 3 300 2 0.91 3 300 2 0.91 3 
11 300 17 5.28 3 300 6 2.10 3 300 6 2.10 3 
12 300 8 3.01 3 300 5 1.41 3 300 5 1.41 3 
Table 97. (Continued) 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps in. 
13 300 8 1.91 3 300 5 1.32 3 300 5 1.32 3 
14 300 7 1.99 3 300 5 1.39 3 300 5 1.39 3 
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Table 98. Material flow during Run 54 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/mln ft^ cm^/min gms gms gms bed 
0 0.0 0.0 76.9 0 0 0 83.11 
1 0.69 40.1 109.5 1594 0 0 82.77 
2 0.43 33.7 83.1 3421 0 0 82.48 
3 1.68 64.9 68.6 2584 0 0 81.88 
4 1.74 111.9 64.5 2159 0 256 80.98 
5 2.76 147.3 64.6 2293 3235 1094 81.58 
6 2.70 161.3 64.2 2072 3235 2401 81.75 
7 2.48 156.0 64.5 1758 3235 2423 81.79 
8 2.69 142.7 64.0 1799 3235 2656 81.86 
9 3.17 153.0 64.5 1825 3235 2386 82.04 
10 4.17 153.0 63.1 1731 3235 2051 82.11 
4.31 204.0 69.7 1571 3235 3508 81.72 
12 2.22 181.1 . 70.1 1516 3235 1467 81.57 
13 1.43 115.4 71.6 2250 3235 1391 82.08 
14 1.47 98.7 71.3 2638 3235 1901 82.59 
15 0 3.7 0 681 0 0 82.56 
363 
Table 99. Off-gas composition during Run 54 
Elapsed 
time Volume percent 
hr 
*2 
CO œg 
1 54.58 34.10 11.32 
2 60.52 27.68 11.80 
3 54.97 30.70 14.33 
4 58.93 22.70 18.37 
5 58.89 27.11 14.00 
6 58.71 30.57 10.72 
7 51.76 38.75 9.49 
8 51.76 38.75 9.49 
9 53.70 33.82 12.48 
10 57.20 32.17 10.62 
11 65.05 25.84 9.11 
12 62.13 19.37 18.50 
13 65.72 8.35 25.72 
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Table 100. Operating data during Run 55 
Pressure 
AP across AP at 
Time Temperature H«E meter 
hr A B D cm Hg cm Hg 
0 700 810 850 0.2 0.2 
1 910 910 825 0.2 0.2 
2 1330 1290 840 0.2 0.2 
3 1590 1570 980 0.2 0.3 
4 1705 1670 1110 0.2 0,3 
5 1730 1690 1210 0.3 0.4 
6 1670 1670 1310 0.3 0.4 
8 1590 1590 1360 0.3 0.9 
Table 101. Operating data during Run 55; electrical data 
Phase 1 Phase 2 Phase 3 
Time 
hr 
AC 
volts 
AC 
ampa 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
0 280 17 0 3 0 0 0 3 0 0 0 
3 
1 110 22 3.47 3 90 25 1.12 3 100 23 
0.96 3 
2 180 26 3.30 3 180 16 2.75 3 180 13 
2.65 3 
3 290 16 4.89 3 290 12 2.96 3 290 10 2.96 3 
4 290 10 3.35 3 290 20 4.80 3 290 5 
2.55 3 
5 300 9 2.49 3 300 20 5.74 3 300 9 
2.94 3 
6 300 6 1.98 3 220 :,o 4.79 3 300 9 2.40 3 
7 — — 0.64 3 — — 1.68 3 — 
— 1.00 3 
8 300 6 0.99 3 260 10 0.22 3 300 9 1.41 
3 
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Table 102. Material flow during Run 55 
Water 
Off-gas data feed Water Char Char Wt in 
Time Rate production rate condensed feed overflow carbon in 
hr ftB/min ft3 cm /min gms gms gms bed 
0 0.0 0 91.4 0 0 0 77.52 
1 0.001 14 119.0 2997 0 0 77.36 
2 0.338 17 91.3 3330 0 0 77.16 
3 2.671 112 80.7 3947 0 0 75.76 
4 3.818 168 115.2 2482 0 1619 73.30 
5 3.653 205 116.1 1925 3650 1880 74.30 
6 3.595 192 133.8 1858 3650 1775 75.91 
7 0.001 73 — 1150 1603 564 75.03 
8 1.252 55 69.6 536 0 0 75.15 
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Table 103. Off-gas composition during Run 55 
Elapsed 
time Volume percent 
hr Hg CO COg 
1 40.34 24.92 34.74 
2 58.12 21.25 20.63 
3 56.24 26.87 16.89 
4 56.61 31.98 11.41 
5 54.86 34.83 10.32 
6 55.04 32.53 12.42 
7 57.39 23.23 19.37 
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Table 104. Operating data during Run 56 
Pressure 
ÛP across at 
Time Temperature °F H-E meter 
hr A B D cm Hg cm Hg 
0 690 810 830 0.2 0.2 
1 810 890 870 0.2 0.2 
2 1240 1130 930 0.2 0.2 
3 1415 1270 930 0.2 0.2 
4 1630 1520 1030 0.4 0.4 
5 1640 1570 1120 0.8 0.8 
6 1680 1620 1180 1.1 0.9 
7 1615 1560 1165 0.5 0.5 
8 1590 1545 1160 0.5 0.5 
9 1545 1480 1130 0.5 0.5 
10 1510 1460 1140 0.5 0.5 
Table 105. Operating data during Run 56; electrical data 
Phase 1 Phase 2 Phase 3 
Time 
hr 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
0 220 15 0.00 3 0 0 0 3 0 0 0 3 
1 260 17 3.61 3 0 0 0 3 0 0 0 3 
2 120 20 2.70 3 120 15 0.95 3 120 17 2.23 3 
3 220 17 3.43 3 220 8 1.89 3 220 16 2.98 3 
4 300 10 3.56 3 300 8 2.06 3 250 15 5.29 3 
5 300 11 . 3.29 3 300 7 1.99 3 300 17 5.26 3 
6 300 12 3.41 3 300 8 2.18 3 300 15 5.75 3 
7 300 10 2.80 3 300 6 1.78 3 300 11 2.62 3 
8 300 9 3.00 3 300 4 1.61 3 300 10 3.30 3 
9 300 9 2.43 3 300 5 1.36 3 300 11 2.87 3 
10 300 8 2.09 3 300 5 1.27 3 300 9 2.52 3 
11 300 7 2.19 3 300 5 1.33 3 300 9 2.51 3 
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Table 106. Material flow during Run 56 
Off-gas data 
Time Rate production 
hr ft3/min ft^ 
Water 
feed 
rate 
cm3/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt % 
carbon in 
bed 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
0.0 
0.28 
1.49 
3.57 
3.46 
4.35 
4.24 
3.08 
2.90 
2.86 
2.43 
0 . 0  
17.7 
11.3 
49.4 
159.9 
221.5 
254.7 
220.3 
206.5 
167.8 
144.4 
149.1 
10.4 
90.4 
91.8 
82.3 
78.6 
80.0 
80.0 
78.7 
80.3 
80.3 
78.3 
79.6 
0 
562 
2580 
2869 
4531 
3114 
3145 
1831 
2408 
2774 
2900 
1111 
0 
0 
0 
0 
0 
3527 
3527 
3527 
3527 
3527 
3527 
0 
0 
0 
0 
2057 
704 
2014 
1553 
1899 
1681 
1767 
82.04 
81.88 
81.77 
81.31 
79.61 
79.28 
78.67 
78.53 
78.56 
79.00 
79.58 
79.98 
79.87 
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Table 107. Off-gas composition during Run 56 
Elapsed 
time Volume percent 
hr 
*2 
CO CO2 
2 63.55 22.05 14.40 
3 56.55 23.09 20.36 
4 64.00 27.96 8.04 
5 56.66 30.92 12.42 
6 56.68 31.96 11.36 
7 57.50 27.72 14.78 
8 57.00 28.20 14.80 
9 57.40 24.60 18.00 
10 51.00 23.75 25.25 
hr 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12 
13 
14 
15 
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Operating data during Run 57 
Pressure 
Temperature °F 
6 
AP across 
H-E 
cm Hg 
AP at 
meter 
cm Hg 
594 
670 
735 
1282 
1497 
1676 
1592 
1685 
1680 
1677 
1708 
1690 
1702 
1708 
1677 
1677 
719 
853 
838 
1201 
1376 
1601 
1470 
1601 
1601 
1601 
1583 
1552 
1558 
1640 
1567 
1575 
710 
778 
941 
971 
993 
1065 
1044 
1111 
1155 
1150 
1150 
1133 
1133 
1162 
1133 
1120 
0 . 0  
0.0 
0 . 0  
0 .0  
0 . 2  
0.4 
0.3 
0.4 
0.6 
0 . 8  
1 . 0  
0.9 
0.9 
1 .0  
1 . 1  
1 . 1  
0.0  
0.0 
0 .0  
0 .0  
0 . 2  
0.4 
0.3 
0.5 
0 . 6  
0 = 8 
1 . 0  
0 .8  
0.7 
0.9 
1 . 0  
1 . 0  
Table 109.. Operating data during Run 57; electrical data 
Phase 1 Phase 2 Phase 3 
?ime AC AC KWH Gap AC AC KWH Gap AC AC KWH Gai 
hr volts amp.s in. volts amps in. volts amps in, 
0 0 0 0 3 200 14 0 3 0 0 0 3 
1 200 15 2.00 3 0 0 1.00 3 0 0 0 3 
2 265 15 3.31 3 0 0 0 3 0 0 0 3 
3 100 35 2.57 3 100 35 2.29 3 100 35 2.71 3 
4 140 15 3.04 3 140 25 3.53 3 140 15 3.13 3 
5 280 12 3.43 3 280 12 4.05 3 280 12 3.39 3 
6 300 12 3.73 3 300 9 2.43 3 300 9 2.66 3 
7 300 17 4.96 3 300 12 3.57 3 300 13 4.03 3 
8 240 18 4.80 3 240 15 3.93 3 240 17 4.65 3 
9 250 18 4.80 3 250 15 3.88 3 250 17 4.95 3 
10 200 17 4.32 3 200 19 4.55 3 200 23 5.40 3 
11 190 20 4.21 3 190 20 6.03 3 190 25 5.21 3 
12 200 17 3.53 3 290 15 3.63 3 200 23 5.12 3 
13 200 20 5.47 3 200 17 3.69 3 200 20 4.40 3 
Table 109. (Continued) 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps in. 
14 210 23 3.42 3 210 18 3.68 3 210 21 5.72 3 
15 210 23 5.85 3 210 18 3.84 3 210 21 4.02 3 
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Table 110. Material flow during Run 57 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min ft3 cm^/min gms gms gms bed 
0 — — 87.9 0 0 0 78.15 
1 — 15.1 87.9 329 0 0 77.98 
2 — 5.3 89.9 1663 0 0 77.92 
3 — 4.3 88.5 2477 0 0 77.87 
5 2.25 66.3 80.5 5549 0 0 77.06 
6 3.86 177.3 82.1 3870 0 1677 74.56 
7 3.78 204.2 80.5 2879 3620 244 74.69 
8 4.68 242.7 74.6 2086 3620 24 74.28 
9 5,84 315.6 73.7 1599 3620 21 73.07 
10 4.83 311.8 77.5 1547 3620 51 72.11 
11 6.39 344.5 79.2 1534 3620 9 70.92 
12 6.06 356,5 76,1 1465 3620 0 69.73 
13 4.98 353.8 79.4 1563 3620 0 68.69 
14 5.11 338.3 80.6 1656 3620 3 67.94 
15 5.06 347.8 82.6 872 3620 6 . 67.16 
16 6.96 364.1 79.8 1966 3620 0 66.27 
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Table 111. Off-gas composition during Run 57 
Elapsed 
time Volume percent 
hr CO CO^ 
61.16 16.16 22.68 
2 65.10 19.71 15.19 
3 83.58 3.94 12.48 
4 56.40 18.66 24.45 
5 58.35 30.63 11.02 
7 60.24 36.42 3.35 
8 60.59 32.17 7.24 
9 55.79 37.50 6.71 
10 54.23 39.52 6.26 
11 54.18 39.97 5.84 
12 56.42 36.19 7.39 
15 48.17 44.23 3.34 
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Table 112. Operating data during Run 59 
Pressure 
AP across ÛP at 
Time Temperature °F H*E meter 
hr A B D cm Hg cm Hg 
0 475 620 620 0 0 
1 730 980 670 0 0 
2 900 1120 780 0.2 0.2 
3 960 1390 920 0.2 0.2 
4 1150 1320 970 1.0 1.0 
5 1540 1430 980 0.9 0.9 
6 1820 1720 980 1.4 1.4 
7 1855 1805 970 1.4 1.4 
8 1815 1760 970 1.2 1.2 
9 1850 1760 990 1.4 1.4 
10 1720 1680 1000 0.8 0.8 
Table 113. Operating data during Run 59; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps in. 
0 270 20 0 3 0 0 0 3 0 0 0 3 
1 170 25 4.68 3 0 0 0 3 0 0 0 3 
2 180 20 4.40 3 0 0 0 3 0 0 0 3 
3 170 23 4.72 3 0 0 0 3 0 0 0 3 
4 270 20 5.89 3 0 0 0 3 0 0 0 3 
5 180 14 3.35 3 180 13 2.47 3 180 10 1.98 3 
6 250 17 5.05 3 250 23 4.97 3 250 22 4.95 3 
7 230 17 4.69 3 230 17 5.69 3 230 15 4.48 3 
8 250 15 4.09 3 250 15 4.51 3 250 12 3.55 3 
9 200 28 5.11 3 250 15 4.29 3 250 10 2.98 3 
10 200 25 3.70 3 0 0 1.75 3 280 12 2.24 3 
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Table 114. Material flow during Run 59 
Time 
hr 
Off-gas data 
Rate production 
ft3/min ft^ 
Water 
feed 
rate 
cm3/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt % 
carbon in 
bed 
0 0 0 88.1 0 0 0 79.49 
1 — 15.8 88.1 501 0 0 79.29 
2 — 6.7 91.0 2142 0 0 79.20 
3 — 7.5 85.3 2552 0 932 79.10 
4 0.18 11.2 85.2 3326 0 512 78.95 
5 0.79 25.4 86.1 4100 0 380 78.55 
6 4.63 209.9 86.1 4818 3333 1879 78.76 
7 5.89 292.9 87.5 2442 3333 1064 77.75 
8 3.82 272.1 86.0 2165 3333 619 77.21 
9 4.12 277.1 84.5 2089 3333 632 76.21 
10 2.97 185.7 80.5 2693 3333 216 77.69 
Table 115. Off-gas composition during Run 59 
Elapsed 
time Volume percent 
hr Hg CO COg 
7 55.53 39.78 4.69 
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Table 116. Operating data during Run 60 
Pressure 
AP across AP at 
H-E meter 
cm Hg cm Hg 
Time Temperature 
hr A B 
0 610 790 
1 770 1025 
2 910 1170 
3 1020 1110 
4 1120 1230 
5 1210 1330 
6 1500 1420 
7 1720 1560 
8 1740 1600 
9 1750 1600 
10 1760 1630 
11 1770 1670 
12 1730 1680 
13 1780 1680 
14 1810 1680 
770 0 0 
730 0.2 0.2 
730 0.4 0.3 
730 0.4 0.3 
770 0.6 0.7 
820 0.6 0.6 
890 0.9 0.8 
870 0.9 0.8 
870 1.2 1.3 
860 1.0 0.9 
820 1 .1  1.1 
810 1.3 1.7 
820 0.9 1.2 
820 1.3 1.5 
820 1.3 1.4 
Table 117. Operating data during Run 60; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps in. volts amps in. 
0 - - 0  3  0 0 0  3  0 0 0  3  
1 180 25 3.85 3 000 3 000 3 
2 50 30 3.00 3 50 35 0 3 50 25 0 3 
3 190 25 3.32 3 0 0 1.00 3 0 0 0.58 3 
4 220 25 5.50 3 0 0 0 3 0 0 0 3 
5 220 25 5.84 3 000 3 000 3 
6 130 35 3.47 3 130 35 2.97 3 130 20 2.28 3 
7 .180 23 3.71 3 90 25 3.18 3 220 20 3.44 3 
8 160 20 3.68 3 90 25 2.59 3 220 20 5.06 3 
9 170 20 3.32 3 125 25 2.94 3 220 20 4.62 3 
10 170 20 3.39 3 130 25 3.39 3 220 18 4.41 3 
11 170 18 3,30 3 150 25 4.19 3 220 17 4.40 3 
12 180 17 3.23 3 180 25 3.50 3 200 12 3.72 3 
13 190 18 3.32 3 190 25 4.81 3 200 12 2.99 3 
14 200 18 3.64 3 200 25 5.08 3 200 12 2.91 3 
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Table 118. Material flow during Run 60 
Off-gas data 
Time Rate production 
hr ft3/min ft^ 
Water 
feed 
rate 
cm^/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt % 
carbon in 
bed 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
0.45 
0.54 
1.62 
3.36 
4.71 
4.88 
5.71 
4.61 
4.81 
4.37 
5.23 
0 
17.6 
16.6 
9.5 
22.4 
28.4 
77.4 
196.2 
256.9 
270.1 
286.2 
307.0 
304.4 
296.6 
311.5 
84.3 
84.3 
88.9 
85.8 
86.6 
86.0 
82.0 
83.7 
80.8 
84.9 
84.9 
86.5 
86.0 
84.5 
84.9 
290 
772 
2455 
2697 
3089 
4239 
4449 
3728 
3084 
2921 
3817 
2753 
2709 
2686 
2481 
0 
0 
0 
0 
0 
0 
0 
0 
4068 
4068 
4068 
4068 
4068 
4068 
4068 
0 
0 
1182 
876 
674 
494 
644 
464 
1212 
2016 
1794 
1786 
2035 
2016 
1335 
88.55 
88.47 
88.39 
88.34 
88.22 
88.05 
87.54 
85.94 
85.14 
84.43 
83.71 
82.93 
82.30 
81.82 
81.28 
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Table 119. Off-gas composition during Run 60 
Elapsed 
time Volume percent 
hr Hg CO COg 
1 57.58 22.73 19.70 
2 64.09 24.05 11.86 
3 53.08 31.93 14.99 
4 57.11 27.41 15.48 
5 59.97 22.31 17.72 
6 56.04 28.85 15.11 
7 57.91 32.47 9.62 
8 51.66 37.50 10.84 
9 56.91 33.71 9.38 
10 57.38 32.83 9.79 
11 57.07 34.14 8.78 
12 55.48 35.53 8.99 
13 55.27 33.97 10.76 
384 
Table 120. Operating data during Run 63 
Pressure 
AP across AP at 
Time Temperature °F H*E meter 
hr A B D cm Hg cm Hg 
0 585 684 701 0.3 0.3 
1 820 766 752 0.3 0.3 
2 1385 1244 770 0.3 0.3 
3 1513 1372 800 0.3 0.3 
4 1470 1417 830 0.5 0.5 
5 1588 1372 859 0.5 0.5 
6 1580 1372 871 0.5 0.5 
7 1561 1460 901 0.6 0.6 
8 1570 1465 912 0.6 0.6 
9 1668 1561 942 0.6 0.6 
10 1549 1549 978 1.0 1.0 
Table 121. Operatin# data during Run 63; electrical data 
Phase 1 Phase 2 
Time AC AC KWH Gap AC AC KWH 
hr volts ampd in. volts amps 
0 45 25 0 3 50 25 0 
1 50 25 1.04 3 50 25 1.08 
2 25 30 2.89 3 125 30 3.06 
3 250 14 3.19 3 200 20 3.10 
4 240 5 1.83 3 240 7 2.48 
5 250 7 1.62 3 250 5 1.00 
6 290 8 2.12 3 290 7 1.70 
7 290 8 2.30 3 290 10 1.70 
8 290 9 2.48 3 290 7 2.11 
9 290 12 2.60 3 290 10 2.23 
10 290 9 2.59 3 290 11 1.44 
Phase 3 
Gap AC AC KWH Gap 
in. volts amps in. 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
50 
50 
125 
60 
240 
250 
275 
275 
275 
275 
275 
25 
30 
30 
8 
12 
12 
15 
13 
15 
18 
17 
0 
1.32 
2.33 
2.15 
2.54 
3.43 
4.04 
4.32 
3.93 
4.63 
4.07 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
w 
s 
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Table 122. Material flow during Run 63 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min f t3 cm^/min gms gms gms bed 
0 0 0 95.7 0 0 0 83.25 
1 — 13.9 95.7 1892 0 0 83.12 
2 — 13.6 104.1 4232 0 3304 82.99 
3 1.40 51.1 106.7 4813 0 1077 82.31 
4 1.34 109.4 108.7 5343 0 244 80.38 
5 2.28 95.9 81.4 4449 0 85 78.20 
6 2.50 153.6 72.5 3426 5187 751 80.67 
7 2.46 187.7 71.2 2874 5187 2318 81.42 
8 3.90 194.0 72.1 2756 5187 1901 81.83 
9 2.58 211.7 63.1 2150 5187 3752 81.96 
10 4.25 223.3 67.0 2376 5187 3331 81.97 
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Table 123. Off-gas composition during Run 63 
Elapsed 
time Volume percent 
hr CO CO^ 
2 59.08 28.78 12.14 
3 61.87 24.44 13.68 
4 66.62 22.27 17.11 
5 61.53 24.72 13.76 
6 60.77 25.78 13.46 
7 57.64 26.75 15.61 
8 59.98 24.37 15.65 
9 56.24 32.82 10.94 
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Table 124. Operating data during Run 64 
Pressure 
AP across AP at 
Time Temperature °F H«E meter 
hr A B D cm Hg cm Hg 
0 478 563 723 0 0 
1 1019 1095 714 0.3 0.2 
2 1150 1372 731 0.3 0.2 
3 1090 1544 774 0.3 0.2 
4 1095 1504 907 0.3 0.3 
5 1133 1279 860 0.3 0.3 
6 1193 1417 912 0.3 0.3 
7 1198 1408 946 0.3 0.3 
8 1266 1460 1010 0.4 0.4 
9 1237 1473 1108 — — 
Table 125. Operating data during Run 64; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts amp El in. volts amps in. volts amps In. 
0 27 30 0 3 27 30 0 3 27 30 0 3 
1 27 40 1.68 3 27 40 0.89 3 27 45 0.89 3 
2 27 40 0.87 3 27 40 0.98 3 27 45 1.12 3 
3 34 40 0.95 3 34 43 1.07 3 34 48 1.21 3 
4 95 40 1.98 3 — — 1.10 3 — — 2.22 3 
5 135 45 5.45 3 0 0 0 3 0 0 0 3 
6 90 55 4.66 3 0 0 0 3 0 0 0 3 
7 90 35 4.09 3 0 0 0 3 0 0 0 3 
8 80 30 4.03 3 '0 0 0 3 0 0 0 3 
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Table 126. Material flow during Run 64 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min ft^ cm^/min gms gms gms bed 
0 0 0 82.3 0 0 0 77.66 
1 - 11.2 82.3 2036 0 1858 77.56 
2 - 36.6 84.4 3362 0 1750 77.17 
3 - 12.2 85.0 3776 0 1202 77.02 
4 - 22.3 85.0 3990 0 1642 76.70 
5 - 22.3 84.9 4215 0 683 76.32 
6 - 30.4 83.4 4541 0 0 75.72 
7 0.528 30.4 85.7 4392 0 481 75.09 
8 0.783 48.6 83.7 4694 0 263 73.93 
9 0.507 79.1 81.5 4213 0 0 71.71 
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Table 127. Off-gas composition during Run 64 
Elapsed 
time Volume percent 
hr 
%2 
CO CO2 
1 46.20 14.65 39.15 
2 67.31 13.23 19.46 
3 62.65 17.54 19.81 
4 54.45 37.35 8.20 
5 63.89 24.12 12.00 
6 57.91 32.47 9.63 
7 61.43 28.96 9.62 
8 51.75 34.11 14.13 
Table 128. Operating data during Run 65 
Pressure 
Time Temperature °F 
ÛF across ûF at 
H-E meter 
hr A B D cm Hg cm Hg 
0 473 599 667 0 0 
1 980 1010 671 0 0 
2 1261 1291 787 0.2 0.2 
3 1368 1412 906 0.3 0.3 
4 1402 1439 976 0.3 0.3 
5 1500 1509 992 0.5 0.5 
6 1390 1430 1019 0.5 0.5 
Table 129. Operating data during Run 65; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWIi Gap 
hr volts amps in. volts amps in. volts amps in. 
0 110 - 0 7 110 - 0 7 110 - 0 7 
1 140 14 1.64 7 140 20 2.28 7 140 25 2.59 7 
2 140 18 2.36 7 140 18 2.51 7 140 28 3.88 7 
3 140 28 2.47 7 140 20 2.71 7 140 22 3.16 7 
4 140 14 1.96 7 140 15 1.29 7 140 17 2.60 7 
5 230 10 2.17 7 230 10 2.71 7 230 13 3.31 7 
6 260 8 2.34 7 260 8 2.08 7 260 8 1.37 7 
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Table 130, Material flow during Run 65 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft^/min ft3 cm^/min gms gms gms bed 
0 0 0 82.4 0 0 0 86.63 
1 — 29.5 82.4 608 0 0 86.47 
2 0.43 27.6 85.4 2378 0 0 86.32 
3 1.00 68.4 84.1 3258 0 0 85.93 
4 1.37 81.0 81.5 3317 0 0 85.44 
5 1.99 116.2 84.5 4099 4348 5482 85.55 
6 2.32 118.2 83.9 3680 4348 2981 85.63 
7 0 10.4 0 775 0 0 85.56 
Table 131. Off-gas composition during Run 65 
Elapsed 
tisis Vol unie percent 
hr Hg CO COg 
2 70.51 14.45 15.04 
3 62.31 16.29 21.40 
4 63.20 14.18 22.62 
5 57.19 22.03 20.64 
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Table 132. Operating data during Run 66 
Pressure 
AP across AP at 
Time Tamperature H»E meter 
hr A B D cm Hg cm Hg 
0 465 523 653 0 0 
1 1043 1060 658 0.3 0.2 
2 1252 1282 757 0.3 0.3 
3 1411 1439 941 0.3 0.3 
4 1457 1479 1052 0.7 0.7 
5 1420 1420 1082 0.6 0.6 
Table 133. Operating data during Run 61) ; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts amps in. volts amps In. volts amps in. 
0 100 10 0 6 100 15 0 
1 
6 100 25 0 6 
1 130 32 2.51 6 130 37 2.98 6 130 26 2.46 6 
2 100 30 3.27 6 100 30 3.40 6 100 30 3.75 6 
3 130 27 3.24 6 130 27 3.26 6 130 30 2.09 6 
4 200 17 3.04 6 200 14 2.94 6 200 9 2.55 6 
5 230 10 2.55 6 230 9 2.29 6 230 8 1.73 6 
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Table 134. Material flow during Run 66 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft^/min ft^ cm^/min gms gms gms bed 
0 0 0 82.0 0 0 0 86.20 
1 0.29 28.5 82.0 1539 0 0 86.04 
2 0.47 20.4 83.2 3573 0 0 85.92 
3 1.04 56.4 83.0 4153 0 0 85.59 
4 2.23 112.6 82.2 4351 3406 6871 85.54 
5 1.48 183.9 83.9 4120 3406 2479 85.00 
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Table 135. Operating data during Run 68 
Pressure 
Time 
hr A 
Temperature 
B D 
AP across 
H.E 
cm Hg 
AP at 
mete: 
cm Hg 
0 480 594 671 0.5 0.5 
1 800 680 654 0.5 0.5 
2 917 773 671 0.4 0.4 
3 989 825 692 0.4 0.4 
4 1125 950 727 0.4 0.5 
5 1193 1027 773 0.3 0.3 
6 1291 1111 820 0.3 0.3 
7 1518 1205 859 0.3 0.3 
8 1742 1341 885 0.3 0.3 
9 1860 1518 939 0.3 0.3 
9.5 1841 1558 968 0.3 0.3 
Table 136. Operating data during Run 68; electrical data 
Time 
hr 
AC 
volts 
Phase 1 
AC 
amps 
KWH Gap 
In. 
AC 
volts 
Phase 2 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
Phase 3 
AC 
amps 
KWH Gap 
in. 
0 40 15 0 6 40 45 0 6 40 35 0 6 
1 40 16 0.53 6 40 37 1.30 6 40 30 1.30 6 
2 40 21 0.79 6 40 37 1.50 6 40 33 1.38 6 
3 40 22 0.89 6 40 37 1.43 6 40 34 1.34 6 
4 47 31 1.18 6 47 43 1.81 6 47 43 1.72 6 
5 47 28 1.26 6 47 37 1.74 6 47 35 1.66 6 
6 54 22 1.25 6 54 42 1.92 6 54 37 1.86 6 
7 140 15 1.99 6 140 15 2.41 6 140 12 3.03 6 
8 140 7 1.51 6 140 29 2.90 6 140 30 2.11 6 
9 140 15 1.81 6 140 33 4.24 6 140 37 4.27 6 
9.5 120 — 0.81 6 120 — 1.85 6 120 — 2.18 6 
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Table 137. Material flow during Run 68 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft^/min ft^ cm^/min gms gms gms bed 
0 — 0 50.0 0 0 0 87.02 
1 — 17.5 50.0 237 0 0 86.91 
2 — 4.4 53.6 732 0 0 86.88 
3 — 3.5 53.5 986 0 0 86.86 
4 — 3.4 53.0 1783 0 0 86.83 
5 — 6.0 53.0 1955 0 0 86.79 
6 — 12.1 52.1 2686 0 0 86.71 
7 0.8 40.4 28.6 1613 0 0 86.44 
8 1.1 57.4 9.7 715 0 0 86.02 
9 2.5 125.8 22.1 941 0 0 85.03 
9.5 — 75.6 12.0 687 0 0 84.35 
400 
Table 138. Operating data during Run 69 
Pressure 
AP across AP at 
Time Temperature °F H-E meter 
hr A B D cm Hg cm Hg 
0 623 650 584 0.8 0.8 
1 701 736 594 0.3 0.3 
2 748 773 584 0.3 0.3 
3 830 850 631 0.4 0.4 
4 1040 998 770 0.4 0.4 
5 1040 977 706 0.6 0.4 
Table 139. Operating data during Run 69; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts ainp £! in. volts ampa in. volts amps in. 
0 30 42 0 6.5 27 45 0 6.5 34 35 0 6.5 
1 34 45 1.09 6.5 31 53 1.42 6.5 40 35 1.25 6.5 
2 34 45 1.30 6.5 27 50 1.22 6.5 40 40 1.59 6.5 
3 47 47 1.71 6.5 40 55 1.57 6.5 47 40 2.03 6.5 
4 100 15 2.09 6.5 100 25 2.62 6.5 100 20 2.27 6.5 
5 100 10 0.97 6.5 100 14 1.54 6.5 100 14 1.53 6.5 
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Table 140, Material flow during Run 69 
Time 
hr 
Off-gas data 
Rate production 
ft^/min ft3 
Water 
feed 
rate 
cmJ/min 
Water 
condensed 
gms 
Char 
feed 
gms 
Char 
overflow 
gms 
Wt % 
carbon in 
bed 
0 0 0 67.6 0 0 1568 86.34 
1 — 17.3 67.6 2014 0 0 86.22 
2 — 8.5 74.3 3275 0 0 86.17 
3 — 11.3 83.9 3969 0 0 86.09 
4 0.85 32.5 62.6 3727 0 0 85.86 
5 0.60 38.3 24.0 964 0 0 85.57 
Table 141. Operating data during Run 70 
Pressure 
AP across at 
Time Temperature °F H«E meter 
hr A B D cm Hg cm Hg 
0 1050 1030 560 0.4 0.4 
1 1120 1070 650 0.3 0.4 
2 1170 1080 690 0.3 0.4 
3 1216 1160 710 0.7 0.7 
4 1200 IISO 840 0.8 1.0 
5 - 1200 1120 830 1.0 1.2 
6 1250 1090 780 1.0 0.9 
Table 142. Operating: data during Run 70; electrical data 
Phase 1 Phase 2 Phase 3 
Time AC AC KWH Gap AC AC KWH Gap AC AC KWH Gap 
hr volts ampsi in. volts amps in. volts amps in. 
0 ICQ 30 0 7 100 35 0 7 100 30 2.92 7 
1 170 15 2.19 7 170 10 2.25 7 170 12 2.54 7 
2 220 12 2.76 7 220 10 1.99 7 220 13 2.46 7 
3 250 11 2.97 7 250 10 2.50 7 250 12 3.88 7 
4 280 10 2.65 7 280 11 2.60 7 280 11 2.80 7 
5 280 10 2.56 7 280 11 2.69 7 280 9 2.33 7 
6 200 11 2.97 7 200 12 3.80 7 200 11 2.65 7 
404 
Table 143, Material flow during Run 70 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min f t3 cm3/min gms gms gms bed 
0 0 0 48.8 0 0 0 86.78 
1 1.48 95.5 48.8 839 0 0 86.14 
2 1.94 89.8 39.3 964 0 475 85.47 
3 2.82 151.8 45.1 1049 2396 1846 84.69 
4 3.00 171.2 58.5 1631 2396 1805 83.78 
5 2.97 174.0 58.0 1583 2396 1071 82.88 
6 4.12 224.2 52.9 1554 2396 1471 
Table 144. Off-gas composition during Run 70 
Elapsed 
time Volume percent 
hr Hg CO COg 
1 64.59 7.52 27.89 
2 55.72 28.14 16.14 
3 60.20 32.71 7.09 
4 57.69 26.52 15.80 
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Table 145. Operating data during Run 71 
Pressure 
Ap across AP at 
Time Temperature OF H«E meter 
hr A B D cm Hg cm Hg 
0 475 425 425 0.3 0.3 
1 660 475 475 0.3 0.3 
2 920 475 425 0.3 0.4 
3 1020 500 400 0.5 0.3 
4 1040 530 475 0.5 0.4 
5 1130 1050 550 1.8 1.3 
6 1170 1140 530 1.2 0.7 
7 1190 1190 580 1.2 1.0 
8 1230 1210 590 1.0 1.0 
Table 146. Operating data during Run 71; electrical data 
Phase 1 Phase 2 Phase 3 
Time 
hr 
AC 
volts 
AC 
amp» 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
AC 
volts 
AC 
amps 
KWH Gap 
in. 
0 14 45 0 7 17 45 0 7 17 45 0 7 
1 17 42 0.48 7 17 43 0.62 7 17 42 0.75 7 
2 21 40 0.62 7 28 42 0.76 7 28 20 0.77 7 
3 :.28 35 0.87 7 49 43 1.12 7 90 15 1.06 7 
4 70 33 1.05 7 35 47 1.60 7 116 25 3.35 7 
5 135 36 3.30 7 135 30 3.55 7 135 30 4.87 7 
6 135 27 4.44 7 135 28 3.55 7 135 23 2.02 7 
7 135 25 3.08 7 135 23 3.29 7 135 18 2.43 
7 
8 140 18 2.82 7 140 22 3.11 7 140 13 2.28 7 
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Table 147, Material flow during Run 71 
Water 
Off-gas data feed Water Char Char Wt % 
Time Rate production rate condensed feed overflow carbon in 
hr ft3/min ft3 cm^/min gms gms gms bed 
0 0 0 50.6 0 0 0 78.21 
1 — 26.2 50.6 48 0 0 77.88 
2 0.62 33.9 53.0 810 0 0 77.44 
3 0.66 41.5 55.4 1197 0 0 76.87 
4 0.69 53.9 63.0 1800 0 0 76.09 
5 2.62 113.3 70.3 2821 0 0 74.26 
6 3.29 189.1 70.8 2501 0 0 70.49 
7 3.63 214.8 70.9 2267 1262 1937 66.59 
8 — 222.7 71.4 2150 1262 995 60.96 
Table 148. Off-gas composition during Run 71 
Elapsed 
time Volume percent 
hr CO CO, 
1 58.69 21.45 19.86 
2 54.84 20.79 24.37 
3 59.80 21.34 18.86 
4 64.65 12.37 22.98 
5 60.09 15.72 24.20 
6 63.45 23.03 13.52 
7 57.27 25.77 16.95 
